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Section 1.0
Introduction

1.1 Purpose

ARCO formerly operated a deep groundwater extraction well at the northern edge of their
property close to the bank of the Ohio River (DW-1). In September of 1993, groundwater
recovery at the well was terminated and since then groundwater concentrations at nearby wells
have been reportedly increasing. ARCO does not believe that groundwater concentrations
have been increasing because the extraction well was shut down; rather, they have suggested
that the increase in concentrations is associated with seasonal fluctuations in groundwater flow
patterns and the residual contamination associated with a previous release, not related to the
existing presence of pure product. Furthermore ARCO reportedly believes that the horizontal
hydraulic gradient, which is relatively flat, does not result in significant discharge of
contaminated groundwater to the Ohio River.

The purpose of this report is to provide the Department with a summary of CDM's recent
efforts toward evaluating the work performed by ARCO's consultants under Tasks 2 and 3 of
their overall work plans. CDM has also reviewed and evaluated the modeling performed in
support of the Task 2/3 reporting. In doing the reviews and evaluations, we have in some cases
performed alternate analyses and modeling.

Our efforts were focused on evaluating the potential contaminant mass loading from the
groundwater plumes in the Central Plant/Styrene 1I Area (CP/S2) and the Over the Hill Tank
Farm Area (OTH). A greater emphasis was placed on the CP/52 area because of the generally
larger and higher-concentration plumes in that area.

1.2 Overview and Objectives
We evaluated the following items for both the CP/S2 and OTH Areas:

A. Contaminant concentrations in the groundwater discharging to the Ohio River and
Raccoon Creek (RC), especially in relation to the MCL and freshwater aquatic life criteria
that the Department has set as the concentration goals for groundwater discharging from
the site. .

=

Hydraulic properties of the aquifer systems.

Analysis of total mass in groundwater system.

9 0

Mass loadings of contaminants to the Ohio River and Raccoon Creek.

E. The appropriateness of the groundwater models for use in designing remediation
systems.




Section 1.0
Introduction

The Department selected these items for review and evaluation because each is critical to the
design and implementation of effective and efficient remediation systems.

The data used in the analysis were collected by ARCO and their consultants since the
remediation and feasibility study investigations (RI/FS) in 1589. No additional data were

collected or generated by CDM.
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5 1 Central Plant/Styrene || Area

The objective of the analysis was to evaluate the potential contaminant mass loading that may
result as contaminated groundwater from the CP/52 area discharges to the Ohio River.

Groundwater quality data were available for the BTEXS compounds: pbenzene, toluene,
ethylbenzene, xylenes and styrene. The analysis was performed using primarily benzene and
ethylbenzene groundwater concentrations. Supporting documentation, including figures and
calculations, are presented in Appendix L.

2.1.1 Contaminant Concentrations

Groundwater quality data from the RI/ES phase (1989) and from April 1993 were evaluated.
Some 1994 data were available; however, the April 1993 data set was more comprehensive. A
majority of the wells are installed in the upper 20 to 30 feet of the saturated zone. The saturated
thickness is approximately 50 feet. The analysis presented herein did not distinguish between
different vertical groundwater zones, because the saturated materials appear to be relatively
homogeneous in this area of the site. The groundwater flow model developed for this area by
ENSR used uniform properties with depth.

Descriptive statistical values, such as the geometric mean, the arithmetic mean and the median,
were used to summarize the groundwater quality data. Table 1 presents a summary of benzene
and ethylbenzene concentrations in the groundwater using the 1989 and 1993 data sets.

A comparison of 1989 and 1993 concentrations suggests that average benzene and ethylbenzene
concentrations have decreased slightly, but overall there apppears to be little change in
contaminant levels. Concentrations seem to have increased at those wells that were located
hydraulically downgradient of the highly contaminated wells in 1989.

In 1993, several well clusters were installed. The shallow, intermediate and deep wells within
each cluster were installed to average depths of 91 feet, 105 feet, and 121 feet, respectively. The
water quality data indicate that higher contaminant concentrations exist in the shallow
saturated zone, although contaminant levels exceeding the Maximum Concentration Limit
(MCL) for benzene (5 ug/1) and ethylbenzene (700 ug /1) have also been detected in the deepest
wells.

It is possible that vertical contaminant migration may have been influenced by groundwater
recovery at well DW-1. Water level data from the newly installed well clusters were not listed
in the Task 3 report, so that vertical gradients beneath the CP/52 area could not be evaluated.
The highest contaminant concentrations in the deep zone aré located near DW-1; however, high
concentrations of benzene and ethylbenzene were also noted south of DW-1 beneath the
Nitrogen Plant.



Table 1
Statistical Analysis of CP/S2 Area Groundwater Quality Data

1989 1993
}.Meﬂ.QalﬁgDﬂ Ethylbenzene
___—— -
All Wells All Areas Average:|  55,860.911 31 ,249.60 | 22,381.45] 6,799.28
Geometric Mean: 1,829.44 1,860.39 118.53
Median: 4,863.00 13,000.00 60.00
- 1 ] )
Wlls Sampled [Central Plant | ____Averad> 7 178.42] _17,027.74] 55.205.88 15,688.09
in both 1989 {Area Geometric Mean: 1,266.02 768.62 755.10
& 1993 Median: 1,250.00] 11,000.00 740.00] _ 5,500.00
] —
- — |
—,

I

Styrene Il Area Average: -mmm-tm 22.50
—m p9.88] __ 15.24] 9.91
] Median: ﬂi—im 11.00

CP + S2 Areas Average'. a9 116.04] 11,118.96
_-m 298.10 385.18 213.36

Median: 640.00 720.00 195.00 95.00
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We also developed estimates of the contaminant concentrations in the CpP/S2 groundwater, for
two zones. The first zone is the interior, more widely contaminated zone, with an average
width parallel to the river of about 1,850 feet. The second zone is the DW-1/wellpoint area
where contaminated groundwater is currently discharging to the Ohio River. The width of this
zone is about 500 feet.

The contaminant concentrations appear to be higher in the zone away from the river, in the
main plant area. However, high concentrations have been measured in DW-1 and wellpoints
zone along the river, especially when DW-1 is not pumping.

ARCO pumped DW-1 for several years, and then turned it off, back on again for 8 months, and
then off again in 1993-94. Wellpoint data collected at different periods of DW-1 operation
provided information on the movement of the dissolved BTEXS plume(s), the amount of
induced infiltration from the river, and the average concentrations in the groundwater. (See
Appendix for Well Point Memo.)

During pumping of DW-1, the BTEXS concentrations in wellpoints immediately downgradient
of the well dropped to lower levels. After the well was turned off, concentrations started to
increase significantly after about 100 days, eventually reaching relatively stable levels. This
appears to be the result of the plume(s) breaking through at the wellpoints, following the loss of
capture by DW-1.

We estimate that DW-1, when pumping at 200 to 300 gpm, is inducing about 85 per cent of its
flow from the Ohio River. This estimate is based on modeling simulations, and use of
analytical equations presented by Wilson (Water Resources Research, October, 1993). With this
percentage estimate, the water quality readings taken from DW-1 pumped water samples can
be used to approximate the groundwater plume concentrations. These equations apply:

Cgw * Qgw + Criv *+ Qriv=Cp * Qp
Qp = Qgw + Qriv
Qriv = 85%*Qp Qgw =15% *Qp

where C is for concentration, Q is for flow, "gw" indicates groundwater, "riv" indicates river,
and "p" is for pumped water. Assuming the river has no detectable concentrations of the
BTEXS compounds:

ng=Cp*Qp/ng=Cp/0.15

Table 2 summarizes our estimates of groundwater plume concentrations. Also presented for
comparison are AHI's estimated concentrations, from their R1/FS report (4 /28/89). AHI
prepared their estimates by plotting the measured concentrations, in cross-sections running
perpendicular to the groundwater travel direction, through the highest concentration portions
of the plume.

L TR . WY Ipa ey )
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2.1.2 Hydraulic Properties of the Aquifer

CDM has evaluated all of the available information on aquifer hydraulic properties. This
information includes boring logs, groundwater and river levels, pumping test results, slug
testing data, and modeling performed by ARCO's consultants.

Groundwater in this area generally flows from the east/northeast to the west/northwest
towards the Ohio River. The saturated thickness is approximately 50 feet.

Pumping tests conducted at the CP/S2 area have provided data describing the hydraulic
properties of the sand and gravel unit in this area. The geometric mean of the hydraulic
conductivity values calculated from the Task 3 pumping tests results is 548 feet/day, with
values ranging from 25 to 3,972 feet/day. Some hydraulic testing was also performed during
Task 2 using rising head tests. The results presented in the Task 2 report are lower than those
presented for Task 3. The geometric mean of the Task 2 hydraulic testing data is 36 feet/day,
with values ranging from 1 to 388 feet/day.

The CP/S2 area sits on a terrace, and higher topographic elevations are located only to the
south. This high southern area is most likely an upgradient groundwater recharge area to the
CP/S2 area. Water level data and topographic mapping could be used to make a further
assessment of the upgradient watershed area.

Water level data from the RI are available; however, at that time deep extraction wells were
operating and groundwater flow patterns differ from those of today. The contours presented in
the Task 3 report are not accompanied by a data table.

In their Task 3 groundwater flow model of the CP/S2 area, ENSR used a groundwater recharge
rate of 6 in/yr. At this recharge rate the upgradient watershed would have to be approximately
188 acres in size, which is much larger than the watershed area estimated from the map of
regional topography.

CDM has concluded that the following are acceptable estimates for the hydraulic properties of

the aquifer in the CP/S2 area. These are areal averages, and may not be accurate at each
location within the CP/S2 area. However, the aquifer appears to be relatively homogeneous

throughout most of the area, and so use of areal averages is appropriate for remediation
planning efforts.

T = Transmisivity = 12,500 ft2/day

b = Aquifer thickness = 50 ft

Kh = Horizontal hydraulic conductivity = 250 ft/day

Kv = Vertical hydraulic conductivity = Kh / 4 = 62.5 ft/day

Sy = Specific yield = 0.15 to 0.25

CDM Camp Dresser & McKee 2-5
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These values are close to those presented by AHI in their 1989 RI/FS report, but the
transmissivity and hydraulic conductivity values are significantly lower than those derived by
ENSR in the Task 2/3 efforts. ENSR's high estimates appear to have resulted from inadequate
model calibration efforts, and misapplication of pumping test data.

We used the following equation to compute the total groundwater discharge rate:
Q=K*b*w*i=T*w¥*dh/L

where Q is the groundwater flow rate (ft3/day), k is the average horizontal hydraulic
conductivity (ft/day), b is the thickness of the contaminated portion aquifer (ft), w is the width
of the contaminated area discharging to the river (ft), i is the average groundwater gradient
(ft/ft), T is the average transmissivity of the aquifer (ft2/day), dh is the change in water table
elevation (ft), and L is the distance along the flow path that this change occurs (ft).

The width of the contaminated groundwater zone of the CP/52 area is estimated to be
approximately 1850 feet.

The size of the upgradient watershed was estimated using the calculated cross-sectional flow
rate. The upgradient watershed would be approximately 113 acres and 75 acres, for
groundwater recharge rates of 10 in/year and 15 in/yr, respectively. Using a regional map
presented in the Task 2 report by ENSR, located in Appendix I, the upgradient watershed to the
CP/S2 area was estimated to approximately 83 acres.

We estimate that the following parameter values are appropriate:
K =250 ft/day b=50ft T = 12,500 ft2/day
w=1850ft dh=05ft L=1000ft i=00005ft/ft
This results in an estimated groundwater discharge rate:
Q = 11,560 ft3/day = 60 gpm (gallons per minute) = 86,400 gpd (gallons per day)

2.1.3 Analysis of Total Mass in the Groundwater System

Dissolved Contaminant Mass

In 1992, CDM performed an analysis of the amount of contaminant mass in the subsurface
below the CP/S2 area. The August 1992 analysis was performed using the 1989 RI/FS data.
Since groundwater concentrations have not attenuated significantly since 1989, the estimates of
dissolved contaminant mass calculated by CDM in August 1992 will be used in the analysis of
potential contaminant loading to the Ohio River. The estimated benzene and ethylbenzene
masses in the saturated zone in the CP/52 area, based on the August 1992 data, are 53,304 lbs
(24,265 kg) and 16,324 Ibs (7,403 kg), respectively.

" CDM Camp Dresser & McKee 2-6
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LNAPL

A review of the 1989 product thickness data shows LNAPL in several wells beneath the CP/52
area. However, only 11 wells in the CP/S2 had reported LNAPL present in the wells in 1993.
The maximum measured thickness in 1989 was 0.61 feet. The maximum measured thickness in
1993 was 0.21 feet.

Groundwater quality data from 1993 indicate that concentrations at several wells exceed 10% of
the solubility limit concentration for benzene and ethylbenzerne, suggesting that there may be
pure product, or LNAPL, near the wells. Table 3 lists the wells with reported concentrations
exceeding 10% of the solubility limit for benzene and ethylbenzene.

Water level fluctuations may have smeared the product across the soil column, reducing the
product thickness. It is also possible that the mass of LNAPL has diminished with time because
of volatilization, dissolution and weathering. Product thickness measurement and data
interpretation procedures, as well as water level data, need to be studied to further evaluate the
potential reasons for the decrease in product thickness.

Comparison of Mass Estimates Computed by COM and Others

As was previously mentioned, CDM performed an analysis to evaluate the amount of
contaminant mass in the subsurface below CP/S2 area. Likewise, ARCO also performed an
inventory of subsurface BTEXS and aromatic hydrocarbon mass. One estimate of the amount of
contaminant mass present in the system was presented by the ARCO/Beazer Task Group in
"Estimates of Remediation Performance and Criteria For Discontinuing Operation of
Remediation System Components" dated October, 1991. More recently, Edmond Donhert of
Environmental Consulting Services performed an inventory of subsurface contaminant mass
for ARCO; the results of his analysis are presented in a memorandum to ARCO dated January
20, 1994.

A comparison of the mass estimates is presented in Table 4.

The contaminant mass estimates calculated by CDM are greater than those computed by
Donhert. Average contaminant concentrations, derived from Donhert's and CDM's
calculations, are shown in Table 4. Average groundwater concentrations from CDM's
calculations are typically higher than those from Donhert's calculations. Also, CDM used a
higher porosity (0.25) than Donhert (0.20}, which resulted in the computation of a greater pore
volume of contaminated water, and hence more contaminant mass in the saturated zone.

The contaminant mass estimates computed by CDM are also greater than those calculated
earlier by ARCO. Furthermore, the estimates developed by Donhert and ARCO are not
consistent, with Donhert's estimates being slightly lower than ARCO's (1991) and CDM (1992).
Both CDM and ARCO used the RI/FS data. Donhert may have used more recent data;
however, as an earlier comparison showed, contaminant concentrations in the highly
contaminated areas have not attenuated significantly between 1989 and 1993. Donhert's
estimates may be skewed by data from wells at the periphery of the plume or in locations
where groundwater contamination is not present.

CDM Camp Dresser & McKee 2-7
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Table 3
Occurrences of Concentrations Exceeding
10% Solubility Limit at CP/S2 Area

| Contaminant:] BENZENE | ETHYLBENZENE
10% Solubility Limit (ug/l): 178,000 15,200
Concentrations
Well Date BENZENE | ETHYLBENZENE
ug/i ug/l
MW-001 Apr-93 180,000 29,000
MW-013 Apr-93 50,000
MW-017 Apr-93 23,000
MW-034 Apr-93 75,000
MW-036 Apr-93 225,000
MW-038 Apr-93 180,000 46,000
MW-101 1989 (RI/FS) 177,500
MW-13B 1989 (RI/FS) 280,000
MW-16 1989 (RI/FS) 37,000
MW-17 1989 (RI/F3) 52,000
MW-18 1989 (RI/FS) 78,000
MW-19 1989 (RI/FS) 32,000
MW-2 1989 (RI/FS) 240,000
MW-21 1989 (RI/FS) 99,000
MW-2118 Apr-93 45,000
MW-25 1989 (BI/FS) 24,000
MW-25 Sep-92 30,800
MW-25 Jan-93 16,500
MW-25 Aug-93 20,941
MW-25 Jan-94 21,000
MW-25 May-94 30,000
MW-26NEW {1989 (RI/FS) 34,000
MW-27 1989 (RI/FS) 56,000
MW-29 1989 (RV/FS) 110,000
MW-30 1989 (RI/FS) 130,000
MW-31 1989 (RI/FS) 59,000
MW-32 1889 (RI/FS) 37,000
MW-33 1989 (RV/FS) 22,000
MW-34 1989 (RI/FS) 96,000
MW-35 1989 (RI/FS) 87,000
MW-36 1988 (RI/FS) 18,000
MW-38 1989 (RI/FS) 410,000 28,000
MW-39 1989 {RI/FS) 50,000
MW-40A 1989 (RI/FS) 290,000
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Table 4
Comparison of Mass Estimates
BTEXS Mass | Soil Volume | Avg. Conc.
Reference Zone (Ibs) (cy} {mg/kg)
Donhert, 1994 Unsaturated Soils 540,000 4,485,566 41
CDM, 1992 Unsaturated Soils 6,357,689 7.267,321 270
ARCO, 1891 Unsaturated Soils 400,000 296,296 416"
(beneath source areas)
ARCO, 1991 Unsaturated Soils 1,700,000 222,222 2,361*
(immediately above
water table)
BTEXS Mass
Reference Zone (Ibs)
Donhert, 1994 LNAPL 210,000
CDM, 1992 LNAPL 4,544 779
ARCO, 1591 LNAPL 1,900,000
BTEXS Mass | Pore Volume | Avg. Conc.
Reference Zone (Ibs) (gallons) {mg/l)
Donhert, 1994 Saturated (GW) 74,000 160,591,860 55
CDM, 1992 Saturated (GW) 114,936 87,841,006 157
BTEXS Mass
Reference Zone (Ibs)
Donhert, 1994 All 1,624,000 -1
CDM, 1992 All 11,306,730 -2
*  CPareaonly
(1) Includes mass in GW, LNAPL, unsaturated zone (Subtotal 824,000 ibs.) and in smear zone
(800,000 lbs.)
(2) Includes mass in GW, LNAPL, unsaturated zone (Subtotal: 11,017,304 Ibs.) and mass
sorbed to soil (289,426 Ibs.).
CDM Camp Dresser & McKee 2-9
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Donhert also discussed the presence of additional aromatic hydrocarbon constituents present
in the LNAPL and the smear zone. He termed these constituents as "C8+HC" in his
memorandum. The concluded presence of these C8+HC constituents is based on the results of
LNAPL sampling and analysis which showed that the pure product consisted not only of
BTEXS, but also of compounds with higher boiling points than BTEXS including 1,2-diethyl
benzene (DEB); 1,3,5-triethylbenzene (TEB); and naphthalene.

The presence of these other constituents suggests that other releases of hydrocarbon
contaminants, besides BTEXS, have occurred. These contaminants have not been reported in
the groundwater, possibly because the laboratory analyses did not analyze for heavier
hydrocarbons.

2.1.4 Contaminant Mass Loadings

We estimated CP/S2 area contaminant mass loadings to the Ohio River, for two different
conditions. The first estimate presented below represents our best estimate of the loadings that
would occur if the current plume area is allowed to discharge to the river, without any capture
well pumping. The second estimate is for the current loadings to the river in the DW-1 area,
based on our analysis of DW-1 area and river wellpoint data.

The major differences between the two analyses are the width of the contaminated areas, and the
average concentrations in them. The plume area in the main plant area has higher
concentrations, and is significantly wider, than the contaminated zone near DW-1.

We developed our estimates of the mass loadings by calculating average concentrations and
multiplying by the estimated groundwater discharge rate. The following equation expresses
this calculation:

M=C*Q*F

where M is the mass flux rate (Ibs /day), C is the average concentration of a contaminant (mg/L),
Q is the groundwater flow rate (ft3/day) through the contaminated zone to the Ohio River, and
F is a conversion factor 0.0000624 (Ibs * L/mg * ft3). This assumes that there is no significant
pumping and that ambient groundwater flow is driven by rainfall-recharge. (Cite ICF's
estimate on “N” where it is estimated they use 6" /year from ENSR 1994 +D+M 1994) This
calculation also assumes that mass transport is not significantly affected by partitioning onto
subsurface sediments or by biodegradation or volatilization.

The mass loading rates are based on the average groundwater concentrations. As such, they
reflect only the impact of the dissolved contaminant mass. Pure product is present, so that
additional soluble contaminant mass is present to supply the existing groundwater plume, and
to potentially discharge directly to the Ohio River. Likewise, if there are highly contaminated
groundwater zones that have not been detected by the existing monitoring well network, the
average concentration of the plume and the amount of contaminant mass in the saturated zone

may be greatet.

CDM Camp Dresser & McKee 2-10
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Fult CPA/S2 Plume Area

For the full contaminated area, we calculated loadings for the total of the five BTEXS
compounds (labeled "Total BTEXS"): benzene, toluene, ethylbenzene, xylenes, and styrene. We
also estimated the loadings of ethylbenzene and benzene individually, because concentrations
for these contaminants are the highest of the BTEXS series, in relation to their respective
concentration goals. In particular, ethylbenzene would likely be the last contaminant to drop
below its concentration goal, during remediation. This conclusion was also presented by
ARCQO in their October 1991 report.

For the average concentrations, C, we used estimates that are presented previously in
Section 2.1.1. The concentrations for Total BTEXS, benzene, and ethylbenzene represent our
best estimate of the average concentrations within the contaminated CP/52 area.

For the groundwater flow rate, we used estimates that are based on our analysis of the aquifer's
hydraulic properties, presented in Section 2.1.2.

This is based on assuming that the contaminzted groundwater extends through the entire
vertical column of the aquifer, the thickness designated as b. Therefore, the specific discharge
is constant with depth. This may overestimate the loading somewhat; however, there have
been significant concentrations found in deep wells in the contaminated zone. For comparison,
we also compute groundwater flow rates and mass loadings for a 10 foot thick plume.

ARCO's consultants for Tasks 2/3 (ENSR and Dohnert) did not present any estimates of CP/S52
contaminant mass loadings. However, we have used their estimates of average concentrations
(Dohnert, 1994) and our estimates of groundwater flow rate to calculate a mass loading rate, for

comparison purposes.

Also, ARCO's consultant for the RI/FS work, Applied Hydrology, Inc. (AHI), developed
estimates of benzene and ethylbenzene average concentrations and the groundwater flow rate

(AHI, 4/28/89).

Table 5 presents calculations of mass loading rates using estimates of average contaminant
concentrations and groundwater flow rates from CDM, AHI, and Donhert, for comparison.

These estimates are for ambient, non-pumping conditions, given the average groundwater
concentrations measured in the 1988 to 1993 period.

Current Loadings from the DW-1 Area

We used the same technique for estimating the current mass loadings to the river in the DW-1
area. We performed calculations for all of the individual BTEXS compounds and for Total

BTEXS.

The estimated contaminant concentrations, C, are based on measured concentrations from DW-
1 samples, and on our analysis of the amount of induced river water infiltration. (Section 3.1.1)
We assumed that the river water has undetectable concentrations of BTEXS. Our estimated

CDM Camp Dresser & McKee 2-11
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Table 5
CPA/S2 Area
Estimated Mass Loadings (Ibs/day)
(from the entire contaminated area)
M Q c
Mass Groundwater
Loading Rate Flow Rate
(Ibs/day) (ft3/day) Concentration

Consultant Contaminant b=50ft | b=10ft | b=50ft | b=1011 (mg/L}
CDM Total BTEXS 147 30 11,560 { 2,312 204
AHI Total BTEXS 168 37 6,921 1,384 390
Donhert Total BTEXS 40 8 11,660 | 2,312 55
cbM Benzene 16- 40 3-8 11,560 | 2,312 22 - 56
AHI Benzene 93 19 6,921 1,384 215
CDM Ethylbenzene 5-22 1-4 | 11,560 | 2312 7 - 31
AHI Ethylbenzene 22 4 6,921 1,384 50
Note: b is the plume thickness.
" CDM Camp Dresser & McKee 2-12
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aquifer concentrations were confirmed by plotting the time history of contaminant
concentrations at the wellpoints and sandpack wells along the river bank. See Well Point
Memo in Appendix V.

These same data allowed us to estimate the width of the contaminated groundwater plume that
is currently discharging in the DW-1 area. The contaminated area defined by the wellpoints is
approximately 500 feet wide.

We retained the same estimates for all the other hydraulic parameters as used in the

calculations presented above. This includes the assumption that the full saturated thickness is
contaminated, because our DW-1 induced infiltration estimate (used for estimating the dilution
of the plume by pumped river water) was based on the same assumption.

In summary, we estimate that the following hydraulic parameter values are appropriate for the
DW-1 discharge area:

K=250ft/day b=50 ft T=12,500 ft2/day

w="500ft dh=05ft L=1000ft i=0.0005 ft/ft
This results in an estimated groundwater discharge rate: Q = 3,125 cfd.
Table 6 presents calculations of mass loading rates using contaminant concentrations and
groundwater flow rates. The concentration ranges represent the median to the maximum

values estimated based on our river-water dilution calculations,

The table presented below summatizes our estimate of the potential mass loading to the nearby
surface waters.

Mass Loading (Ibs/day)

Area Discharge Zone Benzene Ethylbenzene
Entire Contaminated Area Ohio River 16 - 40 5-22
DW-1 Area Ohio River 25-4.1 3.1-5.1

-

2.1.5 Appropriateness of CP/S2 Groundwater Models for Remediation Design

The ENSR MODFLOW model of the CP/S2 area appears to be inappropriate for use in
remediation design efforts. Apparent misinterpretation of the pumping test data led ENSR to
include a very high hydraulic conductivity layer at the water table. This resulted ina
modeled horizontal hydraulic conductivity that is approximately 10 to 15 times higher than
our estimate, and a simulated transmissivity that is about 3 to 4 times higher.

CDM Camp Dresser & McKee 2-13
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Table 6
CPA/S2 Area
Estimated Mass Loadings (Ibs/day)
(from the DW-1 area)
M Q c
Mass Groundwater
Loading Rate Flow Rate Concentration
Consultant Contaminant (Ibs/day) (ft3/day) (mg/L)
cDM Benzene 2.56-4.1 3,125 13- 21
CDM Toluene 04-08 3,125 2-4
CDM Ethylbenzene 3.4-54 3,125 16- 26
CDM Xylenes <0.1-0.4 3,125 03-2
cDM Styrene 0-<01 3,125 0-0.4
CDM Total BTEXS 6.0-105 3,125 31 -54
2-14
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ENSR's boundary conditions also appear to be incorrect. They implemented “fixed head"
boundaries essentially along all lateral boundaries. However, 2 fixed head boundary may only
be appropriate at the Ohio River. Along the other sides, no-flow or low-inflow boundaries
would be more representative of aquifer conditions. In effect, the fixed head boundaries forced
the model, under non-pumping conditions, to achieve a reaconable match to field-measured
water levels no matter what transmissivity was simulated. Under pumping conditions, the
fixed heads supplied enough water to suppress simulated drawdowns, thereby causing
underestimation of the capture zones created by the pumping.

AHTI's MODFLOW-based model appears to be a significantly better tool for use in remediation
design. It incorporates hydraulic properties that are closer to the values we have estimated
from an analysis of the data. The AHI model also may have a better representation of the site's
geologic layering and bedrock surface, which is the estimated extent of the permeable aquifer

materials.

Any future groundwater flow modeling of the CP/52 area should include calibration to non-
pumping conditions, and to pumping at the three pump tests as well as at DW-1. In fact,
calibration to DW-1 pumping conditions is more important than the pumping tests because the
DW-1 pumping occurred over a long time period, causing the aquifer to reach a hydraulic
steady state. Therefore, the DW-1 data offer a significantly better set of information for
estimation of induced infiltration from the Ohio River, as well as providing the data for
accurate calibration of transmissivity and hydraulic conductivity values.

The pumping tests offer the means to estimate vertical hydraulic conductivity values and
storage coefficients, which the DW-1 data cannot help estimate. However, these parameters are
generally of secondary importance, and they can be estimated through pumping test analyses
without running a computer groundwater flow model.

~ Contaminant transport analyses should be performed, and the usefulness of computer
simulations should be explored. Such analyses would be particularly helpful for confirming
the hydraulic property estimates, and for estimating contaminant velocities and retardation
offects. The latter would be useful during the design of the remediation system, to help select
pumping well locations and to predict the time needed to capture the plumes.

Of special interest are the data from the shutdown, restarting, and later shutdown of DW-1. The
data from the riverside wellpoints and inland monitoring wells, as well as the readings from
DW-1 itself, provide an indication of contaminant flushing by "clean” river water when DW-1
was pumping. More significantly, the data from the period when DW-1 was shutdown show
how the plume(s) moved toward the river again, indicating the velocity of the contaminated
aquifer water. See Appendix V.

To date, ARCO has not commissioned any contaminant transport analyses Or model
simulations, except for limited, simplified mixing tank analyses.
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£275-5-CG-REPT



Section 2.0
Discussion

2.1.6 Feasibility of Pump-and-Treat in the CP/S2 Area

Pumping of groundwater, for protecting the Ohio River from discharges of contaminated
groundwater, appears to be a feasible option. This would be in addition to any source (of
residual source) remediation efforts, such as air sparging, soil vacuum extraction, bioventing,
or other techniques that may be appropriate. CDM strongly recommends that source control
and remediation proceed as quickly as possible, to reduce the contaminant loadings to the
groundwater system and thereby achieving the groundwater discharge goals sooner.

The Department has indicated that the groundwater discharging from the site needs to meet
applicable standards — MCLs or freshwater aquatic life criteria, whichever is the more
stringent. These goals have been defined in other documents.

Some form of plume control and remediation is needed, because the existing plume
concentrations are significantly higher than the goals. Moreover, ambient non-pumping
groundwater levels indicate that there is a significant groundwater discharge to the river from
the plume area.

Several containment technologies are available, but these are generally not feasible for this site
because of the depth to the water table from the land surface. The density of plant structures
and work areas, and the general level of activity at the plant, also dictate that extensive and
intrusive structural remedies are likely to be infeasible.

Given that pump-and-treat is a proven and feasible plume capture and remediation technique,
ARCO should investigate how to implement this technique most effectively and economically.
The primary trade-off appears to be between the objective of completing the remediation
efforts as soon as possible, versus the objective of minimizing the amount of clean river water
pumped by the capture well(s) and then into the treatment plant.

. Induced infiltration theory and a properly-calibrated groundwater flow model could provide
the basis for designing the pumping well system. The theory and model could be used to
select spacings between wells, and the distance from the wells to the river, to achieve adequate
plume capture without inducing significant river infiltration. One approach would be to
install many relatively low-rate pumping wells, to rskim" the most contaminated groundwater
from the aquifer. Injection wells or infiltration galleries could also be helpful, to flush the
saturated zone more quickly and to minimize the induced inflow of river water.

o o QOver-The-Hill (OTH) Tank Farm Area

The objective of the analysis was to evaluate the potential contaminant mass loading that may
result as contaminated groundwater from the OTH area discharges to Raccoon Creek.

The analysis focused on the saturated zone only. For the purpose of the analysis, the subsurface
was divided into three groundwater zones. These zones are the water table zone, including the
saturated fill materials; the shallow sand and gravel zone; and, the deep sand and gravel zone.
In some locations, where the silty clay layer is absent, the shallow sand and gravel zone is
phreatic.
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The analysis was petformed using benzene and ethylbenzene groundwater quality
concentrations. Supporting documentation, including figures and calculations, are presented
in Attachments II (water table zone), 111 (shallow sand and gravel) and 1V (deep sand and
gravel).

201 Contaminant Concentrations

In most cases, three sets of data were obtained during the remediation investigation and
feasibility study phases. In addition, quarterly data have been collected during 1994. The
geometric and arithmetic means, as well as the median were computed for each groundwater
zone using the April 1994 data. In general, the arithmetic means tended to be higher, while the
geometric mean and median were comparable. Because of the distribution of groundwater
quality data, geometric means or medians tend to be more representative of the values within a
given data set. All three values were used to compute the potential mass loading to the rivers;
since the arithmetic mean was generally the highest value, the potential loading computed
from the arithmetic mean represents a more conservative estimate.

Groundwater concentrations measured at wells in the OTH area exceed the concentration goals
set by the Department. The water table/fill zone appearts to be the most contaminated layer;
however, concentrations at several wells in both the shallow and deep sand and gravel layers
exhibit benzene and ethylbenzene concentrations above the goals.

Water Table/Fill Area

There are five wells in this category; the wells are MW-114, MW-115, MW-116, MW-156, MW-
168. Four of the wells are located near and south of the wastewater treatment lagoon. The fill
materials are confined to the eastern portion of the OTH area, generally surrounding the
lagoon. The 1994 data suggest that concentrations at the wells are decreasing; however, a
review of the historical data has shown that concentrations have decreased, then increased in
the past, which may indicate that a continuing source is present. In several cases, historical
concentration values exceeded 10% of the solubility concentration suggesting that pure
product may be present. No pure product was detected in 1989 in any of these wells. In 1993,
0.1 inch of product was detected at MW-115. The screen zones of the shallow wells intercept the
water table; therefore, if pure product is present near a shallow well, the well should indicate it
presence.

Descriptive statistical values were calculated using the April 1994 benzene and ethylbenzene
concentrations. These are presented in Table 7. The statistical values significantly exceed the
Maximum Concentration Limit (MCL) for both benzene (5 ug/1l) and ethylbenzene (700 ug/b.

Shallow Sand and Gravel Zone

There are 22 wells and 5 piezometers in this category. This zone is phreatic in the western
portion of the site. The sand and gravel unit is partially overlain by a silty clay layer in the
eastern portion of the site. As in the fill/water table zone, groundwater concentrations in the
shallow sand and gravel zone show an overall decline; however, some fluctuation in
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Statistical Analysis of OTH Tank Farm Area

Table 7

Groundwater Quality Data

Arithmetic Geometric
Contaminant GW Zone Mean Mean Median
ug/l ug/l ug/l

Benzene

(MCL=b ug/l) Water Table/ Fill 114,000.00 7%,995.12 2,500.00
Shallow Sand & Gravel 6,655.91 18.58 1.50
Deep Sand & Gravel 1,429.57 32.49 4.00

Ethylbenzene

(MCL=700 ug/Water Table/ Fill 7,125.00 3,080.07 6,500.00
Shallow Sand & Gravel 11,976.24 33.64 14.00
Deep Sand & Gravel 468.64 9.91 4.00

Statistical data computed using April 1994 data
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concentrations is apparent. Concentrations in the shallow sand and gravel zone may be
influenced by downward vertical migration of contaminated groundwater from the fill and by
the groundwater mound caused by the infiltration from the lagoon.

At wells MW-148, MW-153 and MW-342, groundwater concentrations exceeding 10% of the
solubility concentration for ethylbenzene were reported. In 1993, 0.4 inch of product was
measured at well MW-342. In 1994 product was observed in the following wells: MW-148, MW-
153, MW-155, MW-342, and OW-323.

Table 7 lists the descriptive statistics for the shallow sand and gravel zone. The values are
generally lower than the statistical values for the water table/fill materials, except for the
arithmetic mean of the ethylbenzene data.

Deep Sand and Gravel Zone

Thete are seven wells and one piezometer in this category. In general, it appears that
concentrations have not changed significantly between sampling rounds. The descriptive
statistics for the deep zone are listed in Table 7.

2.0.2 Hydraulic Properties of the Aquifer

Groundwater flow patterns in the OTH area appear to be more complex than in the CP/S2 area,
because of the wastewater treatment lagoon and the presence of a low permeability clay layer.
The geometry of the aquifer boundaries is also more complicated. These boundaries include
the lagoon, Raccoon Creek, the Ohio River, and bedrock outcrops and subsurface topography-

The total groundwater flow through the OTH area is estimated to be about 1,000 ft3/day. This
is approximately 10 percent or less than the estimated groundwater flow rate through the
contaminated zone in the CP/ 52 area. Most of the OTH groundwater flow reaches Raccoon
Creek or the Ohio River, although a portion flows west/northwest and into the CP/52 area.

Table 8 summarizes the calculation of the water balance components for each vertical
groundwaler zone. The hydraulic conductivity values used in Table 8 are based on reported
hydraulic testing results in the Task 3 report for OTH (Dames and Moore, 1994), presented in
Appendix 1L

Water Table/Fill Area

Groundwater flows radially away from the fill area towards Raccoon Creek to the east and the
OTH area to the west. Based on the groundwater quality data the width of the contaminated
zone is approximately 375 feet. The thickness of the saturated fill material was estimated to be 2
feet. Using the average horizontal gradient (0.022 ft/ft, computed using water level data from
MW-116, MW-156 and MW-168, and the Raccoon Creek staff gauge) towards the river and the an
average hydraulic conductivity of 8 feet/day, the calculated rate of groundwater discharge
from the fill to Raccoon Creek is 135 cubic feet per day (cfd).

"~ CDM Camp Dresser & McKee 2-19
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Water Balance Calculati

Table 8

ons For OTH Area

(A) Horizontal Through Flow

Width of Saturated Horizontal Hydraulic
GW Zone Flow Zone Thickness Gradient | Conductivity Elow
ft ft ft/ft ft/day cu ft/day
Water Table/ Fill 375.00 2.00 0.022 8.00 135.00
Shallow Sand & Gravel 180.00 15.00 0.0006 310.00 502.00
Deep Sand & Gravel 600.00C 10.00 0.00023 310.00 428.00
(B) Recharge Fiux
Recharge Flux at
GW Zone Area 10"/year 15%/year
sq ft cu ft/day cu ft/day
Water Table/ Fill 39,375.00 90.00 135.00
Sand & Gravel 476,100.00 1087.00 1630.00 k
(C) Discharge to Surface Water
Flow ss-Sectio Horizontal _};Igd;au!]c
GW Zone Direction Area Gradient Conductivity Flow
sq ft ft/ft ft/day cu ft/day
Water Table/ Fill Horizontal 1,860.00 0.022 8.00 327.36
Shallow Sand & Gravel Vertica! 27,000.00 0.033 0.00028 0.254
Deep Sand & Gravel Horizontal 6,000.00 0.00023 340.00 428.00
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Appendix II presents a figure from the Task 3 report showing that the approximate area
upgradient of the contaminated zone is 39,375 square feet (sf). Assuming a groundwater
recharge rate of 10 to 15 inches per year, the recharge flux to the water table here is 90 to 135 cfd,
respectively. A portion of this recharge moves vertically towards deeper strata; however,
vertical flow is limited by the silty clay layer. Based on the available data, it is believed that a
majority of the groundwater recharge to the fill flows laterally within the fill materials. (Note:
The model developed by Dames and Moore used a groundwater recharge rate of 6 inches per
year. This value is smaller than that used in the calculation described above).

Shaliow Sand and Gravel Zone

Groundwater in the shallow sand and gravel flows northward from the location of the bedrock
outcrop (south of OTH) and southward from a piezometric high caused by infiltration from the
wastewater treatment lagoon. The resulting piezometric surface is a flat gradient zone
bounded by a piezometric high on either side. From the OTH area groundwater flows
northwestward towards the central plant area following a very flat gradient, and eastward
towards Raccoon Creek. The small hydraulic gradients are a result of the relatively high
hydraulic conductivity and transmissivity of the sand and gravel unit. Groundwater discharge
from the shallow sand and gravel to Raccoon Creek is influenced by the presence of the silty
clay underlying the creek and surrounding area.

Appendix III presents a figure from the Task 3 report. The horizontal flow rate was computed
using an estimated cross-sectional flow area 180 feet wide and 15 feet thick. A hydraulic
conductivity of 310 ft/day and a horizontal gradient of 0.0006 ft/ft was used to compute a
horizontal flow rate of 502 cfd.

An approximate vertical flow rate from the shallow sand and gravel to Raccoon Creek was also
computed. Using a flow area of 27,000 sf (this zone corresponds to the approximate width of
Raccoon Creek (150 feet) and the length of the flow zone from the OTH area (180 feet)), a vertical
hydraulic conductivity of 0.00028 ft/day (obtained from groundwater flow model input), and a
gradient of 0.033 ft/ ft, a vertical (upward) discharge rate of 0.254 cfd was calculated (See
calculations in Appendix III). A comparison of the vertical and horizontal discharge rates
suggests that only a smali portion of the groundwater in the shallow sand and gravel discharges
to Raccoon Creek, according to ARCO's data and modeling analysis.

The hydraulic properties of the silty clay have not been well defined in the existing reports.
The hydraulic conductivity used in the calculations was based on values used in the Dames
and Moore model of the OTH site. If the actual vertical hydraulic conductivity of the clay is
greater than that used in the model, more groundwater from the shallow sand and gravel zone
will discharge to Raccoon Creek.

Deep Sand and Gravel Zone

Groundwater in the deep sand and gravel flows from the location of the bedrock outcrop
northeastward towards the confluence of the Ohio River and Raccoon Creek. Based on boring
log data, the silty clay layer is believed to be present near the confluence of these two surface
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water bodies. The presence or absence of this layer will influence groundwater discharge rates
to the Ohio River and Raccoon Creek. The hydraulic influence of this silty clay layer has not
been well defined in previous reports.

Vertical gradients beneath the site from the shallow sand and gravel are generally downward.
The number of monitoring points in the deep sand and gravel zone is limited. Based on the
data, groundwater levels in the deep sand and gravel do not seem to be significantly influenced
by the wastewater treatment lagoon; however, it is possible that some localized mounding is
present beneath the lagoon.

Appendix IV presents a figure from the Task 3 report. The horizontal flow rate was computed
using a cross-sectional flow area of 6,000 sf (600 wide x 10 deep), a hydraulic conductivity of 310
ft/day, and a horizontal gradient of 0.00023 ft/ft. The resulting groundwater discharge rate is
428 cfd.

Recharge to Sand and Gravel

The groundwater in the sand and gravel layer receives recharge directly from precipitation
infiltration, where the silty clay is absent. Where the clay is present, the sand and gravel layer is
recharged by groundwater leakage through the clay. The hydraulic characteristics of the clay
are not well known, but for the analysis it was assumed that groundwater leakance through the
clay is small.

The recharge by direct precipitation infiltration was computed using an area of 476,100 sf (the
approximate area of the OTH region where the clay is absent) and a groundwater recharge rate
of 10 in/yr and 15 in/yr. The computed recharge flux is 1,087 cfd and 1,630 cfd for the two
recharge conditions.

Discussion of Water Balance

- The water balance was estimated using an annual groundwater recharge rate of 10 to 15 inches
per year. This value is slightly greater than the value used by Dames and Moore in their
modeling analysis. Dames and Moore did not document the reasons for the selection of this
recharge rate. The flow components computed for this memorandum balance more closely
using the greater recharge rate.

Since precipitation infiltration is assumed to be the only source of groundwater recharge, the
estimated cross-sectional flow rate and recharge flux should roughly balance. For the water
table/fill zone, the estimated recharge flux is 90 to 135 c¢fd which is comparable to the
computed cross-sectional flow rate of 135 cfd. The recharge flux to the sand and gravel unit is
estimated to range from 1,087 to 1,630 cfd, which is slightly larger than the estimated horizontal
flow rate computed for the unit (930 cfd).

Dames & Moore performed the Task 2/3 work for ARCO in the OTH area. Their hydraulic
testing and data analyses resulted in hydraulic conductivity estimates that appear to be
reasonable. Their horizontal hydraulic conductivity estimates for the sand and gravel units
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average about 310 ft/day, and for the water table/fill area about 8 ft/day. Their sand and
gravel estimated hydraulic conductivity is very close to our estimate of approximately 250
ft/day for the CP/S2 area.

2.2.3 Analysis of Total Mass in the Groundwater System

Dissolved Contaminant Mass

The amount of dissolved contaminant mass (benzene and ethylbenzene only) in the three
groundwater zones was computed by multiplying the average benzene and ethylbenzene
concentrations by the approximate volume of groundwater in the contaminated zones. Table 9
summarizes the results. Figures showing the areas used to compute the volume of
groundwater are included in Appendices II through IV. The estimated benzene and
ethylbenzene masses in the OTH Area based on the April 1994 data are 122-1,407 Ibs and 6-2,083
Ibs, respectively.

The amount of contaminant mass contained within the silty clay layer was not evaluated
because only one well is screened in this unit, and the extent of contamination could not be
defined: Total aquifer volume was multiplied by a porosity of 0.2 and 0.35 for the fill and sand
and gravel units, respectively, to compute the volume of contaminated groundwater. A lower
porosity was used for the fill materials because the low hydraulic conductivity suggests that
the fill may be dense and compact. The pore volume was then multiplied by the contaminant
concentration (arithmetic, geometric mean and median) to estimate an approximate range of
contaminant mass. The estimated contaminant mass of benzene and ethylbenzene is 128-3,490
Ibs.

LNAPL

During three monitoring events in 1989, there was no evidence of pure product in the OTH
monitoring wells. In 1993, product was detected in wells MW-115, MW-342 and MW-147. A
trace amount of LNAPL was detected in wells MW-340 and OW-323. In 1994, LNAPL was
observed in wells MW-148, MW-153, MW-155, MW-342, and OW-323.

Concentrations in some wells exceed 10 percent of the solubility limit, also suggesting that
LNAPL may be present near these wells. Table 10 lists the dates and locations where
concentrations suggest the presence of LNAPL. In April 1994, concentrations exceeding 10
percent of the solubility concentration were detected in the following wells: MW-147, MW-156,
ME-166, MW-342 and OW-323.

Since a pool of LNAPL could not be defined based on ARCO's data, the amount of
contaminant mass contained within this phase was not computed. If LNAPL is indeed present,
it will serve as a reservoir of contaminants to the groundwater.

Comparison of Mass Estimates Computed by CDM and Others

ARCO performed an inventory of subsurface BTEXS and aromatic hydrocarbon constituents.
The results are reported in a memorandum to ARCO by Edmond Donhert of Environmental
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Occurrences of Concentra

Table 10

10% Solubility Limit at the

tions Exceeding

OTH Area Wells

Contaminant | 10% Solubility Limit GW Zone | Well Date |Concentration |
ug/! ] ug/l

Benzene 778.000 ____|Water Table/ Fil MW-166 | Apr-93) 380,000
I MW-156 | Jun-93) 360,000
MW-156 250,000

Ethylbenzene 15,200 Water Table/ Fill MW-156 | Apr-93) 25,000
Shaliow Sand & Gravel |MW-323 [ Jun-93| 51,000

MW-323 54,000

MW-342 | Jun-93 150,000

MW-342 | Apr-94 140,000

Deep Sand & Gravel MW-147 Jun-93 75,000
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Consulting Services. The results are presented in terms of total BTEXS mass. To compare
Donhert's estimates to the calculations presented in this report, the amount of benzene and
ethylbenzene mass was estimated from Donhert's total reported BTEXS mass.

The latest 1993 data set was used to develop a comparison, since Donhert's memorandum was
written in January 1994 and his analysis most likely included 1993 data. The calculated
BE/BTEXS ratio calculated using average June 1993 concentrations is 0.74.

This ratio was multiplied by Donhert's estimated amount of mass in the saturated zone (9000
1bs) to get an estimated mass of 6,660 Ibs of benzene and ethylbenzene. This value is larger than
the estimated mass of 128-3490 lbs presented earlier in this section. The most likely reason for
this difference is that the analysis presented here does not consider the contamination or the
thickness of the silty clay material, whereas Donhert incorporated the total thickness of the
saturated overburden into his calculations. As such, Donhert's estimates of contaminant mass
are greater, and may be more representative of the amount of mass in the saturated subsurface;
however, the groundwater quality of the silty clay unit and the contaminant migration
pathway from the water table zone to the sand and gravel unit have not been defined, so that it
is unknown whether the entire thickness of the silty clay unit is contaminated.

The mass estimates presented in this report generally represent the dissolved mobile mass
present in the system and therefore will be used to evaluate the mass loading to surface water

from the different vertical groundwater zones.

2.2.4 Contaminant Mass Loadings

We estimated OTH area contaminant mass loadings using the same technique as used for the
CP/S2 area, as explained under item 2.1.4. We computed mass loadings to Raccoon Creek and
the area where this stream enters the Ohio River. Table 11 presents calculations of mass loading
rates using contaminant concentrations and groundwater flow rates. The concentration ranges
represent the median to the maximum values estimated based on our river-water dilution
calculations.

The mass loading rates presented there are based on the April 1994 groundwater
concentrations. As such, they reflect only the impact of the dissolved contaminant mass. If
pure product is present (there are data that suggest that this may be a possibility) additional
soluble contaminant mass is present to supply the existing groundwater plume. Likewise, if
there are highly contaminated groundwater zones that have not been detected by the existing
monitoring well network, the average concentration of the plume and the amount of
contaminant mass in the saturated zone may be greater. The table presented below summarizes

our estimate of the potential mass loading to the nearby surface waters.
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Mass Loading (Ibs/dav)
GW Zone Discharge Zone Benzene Ethylbenzene
Water Table/Fill Raccoon Creek 1.6-23 0.06-0.15
Shallow Sand & Gravel Raccoon Creek <0.01 <0.01
Deep Sand and Gravel Confluence Ohio <0.01-0.04 <0.01

River & Raccoon
Creek

2.2.5 Appropriateness of OTH Groundwater Model for Remediation Design

Dames & Moore developed a MODFLOW-based groundwater flow model of the OTH area.
They used hydraulic properties that appear to be reasonable. Their calibration efforts and
documentation could be improved somewhat, but our overall conclusion is that the model can
be used for remediation design purposes. We recommend, however, that the Department ask
for additional documentation on the model's calibration, to ensure that it adequately matches
the measured data.

Contaminant migration modeling could prove useful in the OTH area, but we recommend that
modeling resources be allocated preferentially to the CP/S2 area where contaminant
concentrations and off-site discharges are significantly higher.

206 Feasibility of Pump-and-Treat in the OTH Area

Groundwater pumping appears to be a feasible option for controlling contaminant migration
in the OTH area. As discussed above with respect to the CP/52 remediation efforts, pump-
and-treat could be used at OTH primarily for halting the discharge of contaminated
groundwater to the rivers. This technique can also be used, with recharge or injection of
treated groundwater, in ways that could enhance the hydraulic control of the plume(s) and the
removal of contaminant mass from the aquifer. For example, the infiltration of "clean" lagoon
water could help to flush the aquifer layers.

Groundwater flow modeling could be used to optimize the design of the groundwater
pumping and reinfiltration system, by identifying optimal well spacings, locations, and
pumping rates. This would be done so that induced river water infiltration and overall
pumping rates are minimized, and the pumping wells are spaced properly to ensure adequate
plume capture.

In any remediation design for the OTH area, other techniques in addition to pump-and-treat
should be evaluated and implemented, if possible, so that the primary and residual source
materials are remediated. Remediating the source should be a high priority, in general. This is
because removal of contaminants from the unsaturated zone and from LNAPL is likely to be
more cost-effective than only pumping and treating groundwater.

CDM Camp Dresser & McKee 2-28
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Summary

3.1 Contaminant Concentrations

Groundwater data collected by ARCO and its consultants since the RI/FS in 1989 indicate that
contaminant concentrations are in general significantly higher than the goals set by the
Department.

Benzene and ethylbenzene concentrations in the CP/S2 area have decreased slightly but overall
there appears to be little change.

At the OTH area, the concentrations in the fill /water table and the shallow sand and gravel
»ones show an overall decline, however, some fluctuations are apparent. In the deep sand and
gravel zone, the concentrations have not changed significantly. The sand and gravel
concentrations are in general lower than those in the water table/fill area.

3.2 Hydraulic Properties of the Aquifer

Evaluation of available data for the CP/S2 area aquifer resulted in estimates close to those
presented by AHI in the 1989 R1/FS report. However, they are significantly different than those
derived by ENSR in their Task 2/3 reports for the CP/S2 area. For the OTH area, our estimates
match reasonably well with those derived by Dames and Moore.

Contaminated groundwater beneath the CP/S2 area discharges to the Ohio river at an
approximate discharge rate of 11,560 ft3/day. The total groundwater flow through the OTH
area is estimated to be about 1,000 ft3/day. This is approximately 10 percent or lower than the
estimated rate through the contaminated zone in the CP/52 area.

Groundwater flow patterns in the OTH area appear to be more complex than in the CP/52 area
because of the more complex geometry, the presence of a wastewater treatment lagoon, and the
Jow permeability clay layer.

3.3 Analysis of Total Mass in the Groundwater System

Estimates of contaminated mass were performed by ARCO (for the CP/S2 are only), by
Donhert, a private consultant for ARCO, and by CDM. The contaminant mass estimated by
CDM was in general higher than that computed by the others for the CP/S2 area. In the OTH
area, Donthert's estimate is greater because he included the silty clay material. However, it is
unknown whether the entire thickness of the silty clay is contaminated.

The estimated benzene and ethylbenzene masses in the saturated zone in the CP/S2 area, based
on the August 1992 data, are 53,304 1bs and 16,324 lbs, respectively. The estimated benzene and
ethylbenzene masses in the OTH Area based on the April 1994 data are 122 to 1,407 Ibs and 6 to
2,083 1bs, respectively.

" DM Camp Dresser & McKee 3-1
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LNAPL has been detected in several CP/52 wells; also, contaminant concentrations exceeding
10 percent of the solubility concentration for benzene and ethylbenzene have been detected,
suggesting the presence of pure product near wells that have not had pure product reportedly
detected in them. Water Jevel data and product thickness measurement techniques need to be
reviewed to confirm the reported thickness, to evaluate product thickness measurement and
data interpretation procedures, and to identify whether water Jevels have fluctuated and
smeared the product across the soil column.

LNAPL has been detected in only a few OTH wells; however, contaminant concentrations
exceeding 10 percent of the solubility concentration for benzene and ethylbenzene have been
detected suggesting the potential presence of pure product near these wells. In 1989, no wells
had LNAPL detected at them; whereas in 1994 LNAPL was observed in b wells. Water level
data and product thickness measurement techniques need to be reviewed to identify whether
water levels have fluctuated and smeared the product across the soil column and whether a
pool of pure product is present.

3.4 Contaminant Mass Loadings

The total mass loading in the CP/S2 area for ambient, non pumping conditions are 16-40
Ibs/day and 5-22 lbs/day for benzene and ethylbenzene respectively. The total mass loadings
in the OTH area are 1.6-2.3 Ibs/day and 0.06-0.15 lbs/day for benzene and ethylbenzene
respectively, about 10-100 times lower than the CP /52 area.

The mass loading estimates to the surface water presented in this report represent the
contribution of contaminants from the saturated zone only. If a benzene OF ethylbenzene source
exists, the magnitude and duration of mass loading will change. The estimate presented in this
memorandum reflects a "snap-shot” in time of the potential mass loading rate.

3.5 Appropriateness of Groundwater Models

The groundwater modeling performed by ARCOQ’s consultants was reviewed. In general, this
review concluded that the assumptions for the models of the CP/S2 and OTH areas were not
always consistent. For instance, the hydraulic conductivities used in the separate models differ
for the same unit. Furthermore, the calibrated hydraulic conductivity values are not always
consistent with field data. In terms of previous estimates of the contaminant mass reservoir in
the subsurface, analysis results compiled by ARCO at different times are not similar or
consistent.

The groundwater flow models that have been developed do not seem to have been tested or
documented enough for use in design of remediation systems. Specifically, simulated water
balances should be evaluated to demonstrate that the models realistically simulate the
hydraulics and water balance of the system, and that the calibrated parameters are consistent
with field data. This is particularly important because the models may be used to evaluate
different remedial pumping rates and zones of capture. The boundary conditions for the

models should be evaluated closely. A more appropriate modeling approach may be to

CDM Camp Dresser & McKee 3-2
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simulate the groundwater flow system beneath the entire plant with one model instead of
dividing the area into discrete models that may not represent the system's boundaries
accurately.

3.6 Feasibility of Pump and Treat

Pump and treat methods can be used effectively at this site; however, other remediation
techniques may provide more cost-effective results, such as air sparging, soil vacuum
extraction, bioremediation, or some combination. Groundwater pumping can be used to
complement these systems, and to control the plumes during the jmplementation of other
techniques.

Modeling of groundwater pumping systems should be performed to help design the optimum
arrangement of pumping wells, and to select an optimum pumping rate for the objectives of
the system. Optimization tools should be explored and used, if appropriate.

" ¢DM Camp Dresser & McKee 3-3
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Comparison of Wells Teste

Hydraulic Conductivity Estimates (fud)

d During Task 2 and Task 3

Task 2 Task 3
well (Rising Head) (Pump)
204D 11 323,422 X =3725
207M 168 231
2118 188 300,480 X =390
2110 1 570,210 X =240
212D 9 540
2 810
i = 55 Y: 675
17 28 2210
118 3,252
X=73 X=2,731
141 388 1,903
Geometric Mean: 34 f/d 601 Ft/d
# Results: 7




TABLE 3-1

Results of Pressure packer Rising Head Tests
Central Plant/Styrene it Plant
ACC Beaver Valley Plant
Monaca, Pennsylvania

1.61E—02 TEST #1
9.03E—03 TEST #2

3.00E—03 TEST #1
8.63E—04 TEST #2

* Analyzed in Task 3

Geometric Mean: Shallow 146 fifo "
Medium 73 ft/day >

Deep 11 ft/day

Total 36 fi/day

From Task 2 Report (ENSR, 12/93)
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APPENDIX 11

Over-The-HilllTank Farm Area:
Water Table Fill Area



(v6/y @I00IN 29 sowe(D) poday € yse H wolg

£z LOLX L 0£9°66 TEgl ysmuei/siay], pauyuo) AN8a] [/ 6YE-MIN a_
89T 401 X$'Z 00¥'v1i peT'sl sIYL pauyuo) [4 691-MIN
F9 O1XTL Ob¥LT 899°¢ ysmue| /s L pauguo) Ayea] (4 L91-MIN
101 00%X81 00S"v¥ 6¥6°S ysTHuBp/SUL paupuo) Ayea] z 1S1I-MIN
0vg OEXTE 000°6£7 T66°1€ siatLL pauguo) [4 6P 1-MIN
0zt yOI X 17 oLl ££8'9 ysmue])/stay L pauguo)) A3 T £0£-MO
1Le DX T 000°6£Z 756°'1€ s1atl pauyuo) Axea] i asot-d
FLS 0108 000°6€T 756°1¢E uginapy/sitL, pautjuodu() l §90£-d
SO6'L L01%TT 000°6£7 786'1€ uewnaNy/sIYL pautjuoduf) | PE-MIN
ﬁo:_._:ou
€LY RN 000°6£C 56°1€ SELT) &3jea] 0} pauyuoduf) i SYE-MIN
£L9 XTI 000°6£2 S6'IE URUINAN/SIAY L pauyjuoduf) 1 preE-MIN
vuﬁ_u«cou
1LS 01%08 000°6£Z 761 HET A3ea] 03 pauyuoduq) | EvE-MIA
ILS 01%X8'} 000°6£Z 786°1¢€ uBLUNANYSIRY L pauijuooun) | ThE-MN
618 01 %1°T 000°6£7 78618 ueLININ/SISY L pauyjuosuq) i £2E€-MO
6f 01 X6'6 ovs9l 1z'e ysnjueH/su L, pauyuo) £es] £ T0E-Md+
NUf} [FABID) 3 PUES I UL PASTY S[IBM
Aepjyp
{31) ALIALIDACNOD ssapuoisuawIp u/kep/e Aepiy NOLLYDIISSYI0
DUHIVEAAL () ALIALLVYOLS AOH.LIW LINM ALITIAVITEY "ON/AWYN
ANV Y INTYVAY (1) ALIAISSIASNVYL INIUVYddY IVOILATYNY { DIS0103D04AAH viva 1M
VINVATASNNAd ‘VOVNOW

INV1d ASTIVA daA YA - ANVANOD TYDINAGHD 0oDuv
VAUV WAV JANVL TTH-HHL-AIAO

SUFIANVEVd LINN 01D0T0dD0UAAH

(zJo 198ed) 9 {1V L

4




St e e oot e e e . ' (p6/ 100N B moﬁaeto%mﬁxmmaﬁoﬁ
Kep/y 8~ UBIN JHRUWIO03D) _ L
¢:SHNSY JO JownN
UELY)
Kep/y 0£9:UBIN oLIIWmoaL)
bnmu—ﬂmom 1«0 Jouwrmnpn
(8yEMIN 1doo%3) T = AIMqEnoi()

‘WS LU0 _ saradoly 5180]03504pAL] §O 2ANBUISAEIY IS8T = €

hmﬁa 01 m. ANGY %9 sarpodosg o130109301p4Y Jo saneuzsaiday =7

L1:S3NSY JO Jowny sauadod | o3do0afoIpAp] 0 salelasAIdaY IS0 = |

U} [OABID) PUB vnmm@ ALV

' : 194 Butdwing . 01 X §'] s|enba ejep stul-4)1e3 wWoy piiA ouoads ®

-jea1d o0} s1 parenofes ARANRIONS “suonduwinsse ST SAEJOIA 1[am 1591 JO Juiaema] © ‘yun aJojorny ABjo LIS U138 {I2M @
6'Y 0 X¥T LST 143 uewman ‘s pauguoauf) : [4 106-MO
98 01Xt | 74) £ uBlWNaN sty | paujuodufy I L-MO
£h 01 X¥'1 cet Ly UBWININ, “STAY |, pauyuoaur) l 891-MIN
i 01 XT1 9Lt LE uetunap ‘soLL pauguoauf) I 9I-MW

oL ®56t1 £9¢ et uewnoN ‘SIYL pasuyuodur) £ @95T-MMNe

U ({1 94} U1 Pas() S|P

(T4 _ +0E X9°9 00F'SZ1 €9L'91 SIBYL pauyuoauy) £ LST-MIN

87¢ 01 X EO'L 0LELE LE0'E] syl pauyuoouf) £ s01-MI
pleinby

801°1 ] 60'tT 0.8°78 6L0°11 syl Ke[Dy Lyig/pauyue) £ @OLI-MIN

(Panupos)) 1juf] [2ABID 2§ PUBS 343 LI Pas(] SBM

Aeppy
() ALIALLDNANOD ssauolsuawp u/kepied Aepry NOLLYIIAISSYID
M INVHAAN (S) ALIALLVYOLS QOHLINW LINN ALITIEVINAY | ONAWYN
INGEVAdY INTUVIY (1) ALIAISSINSNVYL INTUVddY TYOILATYNY | DID010390uAAH vivd TIIM

VINVATASNNA] ‘VOVNOW
INVId ASTIVA IAVEL - ANVJIWNOD TVIINAHD 02UV
VIV WAV ANVL TIH-FHL-YIAO
SUALANVIVI LINN 1VIID010dD0UAA T
(z3079%d) 9 TAVL '




LEGEND

O - EXISTING MONITORING WELLS
{Over-The-Hill Tank Farm Araes}

o2 750 - WELLS USED IN FILL UNIT
1Y DROGEOLOGIC TESTING (ft)
——Ga7.0 - GROUNDWATER ELEVATION

CONTOURS {ft)

e -—— - APPROXIMATE LIMIT OF SATURATED
FlLL MATERIAL

SCALE 1 inch = 150 Feet
| e — —1 |

TIE  GROUNDWATER POTENTIOMETRIC SURFACE MAP
FILL UNIT

PROVECT  ARCO CHEMICAL — BEAVER VALLEY PLANT

OVER—THE-HILL TANK FARM AREA

=g DAMES & MOORE INC.

- PITTSBURGH, PENNSYLVANIA & TORONTO, ONTARIO

SCAE AS NQTED | ORAWN BY RL w8 W0 05931-577

DATE  FEB. 1904 |APPR. BY: e NO: 7

Source: Task 3 Hydrogeological Studies Report - OTH (Dames & Moore, 1994)

—



CALC of AWAL K, b

Based on conceptual model, discharge to RC occurs

. iaterally through shallow fill/siity clay
- vertically, from S&G through silty clay

Lateral flow through shallow il

= Computer average AR/Al from MW116, MW156, MW168 to River
« Assume thickness for saturated fill = &'

+ Length of contaminated zone in fill = 41 4.5'

e Kfor fill = 7.9 f’d (average from date listed in Table 6 of Task 3)

Date: MW116 MW156 _MW168_
4/27/93 687.56 NA 686.73
Ah 4,62 - 3.79
5/28/93 656.67 687.51 684.69
Ah 3.08 3.87 1.05
6/15/93 688.06 $86.82 686.77
Ah 4.57 3.33 3.28
777193 684.56 ©86.61 683.3
Ah 1.22 3.27 -0,04
11/15/93 8B88.76 687.06 686.94
Ah _ 4.96 3.26 3.14

Geometric of Ah: 3.07
Arth Mean of Ah: 3.34 (both excluding Ah = -0.04)

Al 116/RC - 114

156/RC - 176'
168/RC - 155’
Al = 148

Compute flow through shallow fill:
Q = KAi = (7.9)(415x5) 3.34/1.48 = 369.9 = 370 cfd (1 .02 gpm or 2,767 gpd)

—RBC
682.94

683.64

683.49

683.34

683.84




APPENDIX III

Over-The-Hill/Tank Farm Area:
Shallow Sand and Gravel
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Flow in Shallow Sand & Gravel (S&G) Unit

Groundwater flows northward from the Jocation of the bedrock outcrop and southward
from a high caused by the Wastewater Treatment Lagoon. The piezometric low is
observed beneath the OTH area.

From the OTH area, groundwater flows eastward to RC or northward to CP.

The gradient between OTH and RC is relatively flat and the potential groundwater
pathway to RC is restricted by the piezometric highs on either side.

Vertical groundwater flow is generally downward toward the deeper portion of the sand
and gravel zone, except one cluster (342,343) consistently shows an upward vertical
gradient.

Discharge from the shallow sand and gravel to the RC occurs across the silty clay layer.

The thickness of the clay layer beneath RC is not known. Data from cross-sections was
used to approximate the thickness.

The depth of RC is not known.

Some shallow sand and gravel groundwater may flow under RC. During the pump test,
drawdowns were noted in wells on the eastern side of RC.

Conclusion - There’s probably limited flow from the shallow sand and gravel based on the
information presented in the reports.

Highest benzene concentrations observed at wells MW342 and MW115. Concentrations
increasing at MW110, MW344, 115 and possibly MW342, This would be consistent with
the hypothesis of vertical migration occurring where the silty clay layer is thin or more
permeable.

Also, concentrations seem {o be increasing at wells on the south (downgradient) side of the
high caused by the Wastewater Treatment Lagoon.

CDM Camp Dresser & McKee

5275-5-CG-REPT




Vertical Flow from S&G through Silty Clay

g Use Well MW 151 and pod elevation in RC to calculate flow direction between 5&G unit

and RC.

Date MW151 —RC Ah
4/27 683.35 682.94 0.41
5/28 683.7 683.64 0.06
6/15 683.71 683.49 0.22
7/7 683.59 683.34 0.25
11/15 683.66 683.84 .14

Ah = 0.235

m Approximate thickness of silty clay below RC =7 feet
= K, of clay (from model input) = 2.8 x 104 ft/day

» Area of upward flow (east of OTH) = 27,000 sf

m to R

KAi = (2.8x10-4 £/d)(27,000 sf) 0.235 ft/7 ft

0.2538 cfd

Q

]
i

- CDM Camp Dresser & McKee

£275-5-CG-REPT



APPENDIX IV

Over-The-Hill/Tank Farm Area:
Deep Sand and Gravel
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Flow in Deep Sand and Gravel

s Groundwater in the deep S&G flows from the outcropping bedrock northeastward
towards the confluence of Raccoon Creek and the Ohio River.

g Benzene and Ethylbenzene concentrations use generally decreasing, except at MW147
where Ethylbenzene seems to have increased.

s Based on boring logs from wells MW112 and MW113, it appears that the silty clay layer is
present in these locations. As such, discharge from the S&G zone to the Ohio River maybe

limited by the presence of the clay.

» Compute horizontal flow rate in deep 5&G.

K = 310 £/d (from pumping test)
A = 600x10 = 6,000sf

i = 0.23/1,000 = 0.00023

Q = KAi = 4278cfd

CDM Camp Dresser & McKee

5275-5-CG-REPT
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Well Points Area Memorandum



Memorandum

To: Fred Baldassare
From: Karen Lebiedzinski, Bob Schreiber and Kris Masterson

Date: January 6, 1995
Subject: Evaluation of Contaminant Concentrations at the Well Points

Groundwater quality data collected at well points located near the banks of the Ohio
River north of the Central Plant/Styrene II (CP/S2) area were analyzed to evaluate
groundwater concentration trends and to determine whether a contaminant plume from
the site is discharging to the Ohio River. The analysis primarily focused on data
collected after groundwater Tecovery at well DW-01 was terminated. The analysis
included reviewing data collected during monthly monitoring of the well points, and
comparing observed concentrations to those observed in the CP/S2 area. Data from
DW-1 pumping samples were also analyzed. The general approach to evaluating the
well point data was outlined in a memorandum to PADER dated 6/2/94.

This memorandum is organized into the following sections.

Section 1.0 Overview

Gection 2.0  Summary of Well Point Data

Section 3.0  Analysis of Groundwater Hydraulics and Contaminant Dilution and
Breakthrough

Section 4.0  Summary and Conclusions

Section 1.0 - Overview

Operation of Deep well 1

As part of remediation efforts to reduce contaminated groundwater discharge to the
Ohio River, ARCO installed a groundwater extraction well (Deep Well 1 or DW-01) on
the North end of the site near the Ohio River. Groundwater recovery at Deep Well 1 was
restarted on January 19, 1993 at a rate of 200 GPM or 38,500 cfd. The pumping was
terminated on August 13, 1993.

Approach to Problem

The groundwater quality in the area was evaluated by installing 10 monitoring well
points, from which groundwater samples were collected and analyzed monthly and bi-

weekly from September 1993 to the present. These well points are situated along the
river, running about 500 feet west and east of DW-01.

The data were examined to identify trends in the groundwater concentrations during
and after the most recent shut-down of DW-01. From these data, inferences about the



Memo/Fred Baldassare
Jjanuary 6, 1995
Page 2

presence of pure product or the existence of contaminant plumes could be made. Also,
hydraulic calculations were made to compare the amount of contaminant recovered by
DW=01 to the amount present in the surrounding groundwater. Observed breakthrough
of the plume was also compared to predicted groundwater velocity, to confirm
hydraulic parameter estimates and the hypothesis of plume migration. Also evaluated
was whether samples from the "sandpack” wells showed significant differences from the
wellpoint samples.

Section 2.0 - Summary of Well Point Data

Time history graphs of measured benzene and ethylbenzene concentrations taken at 10
locations following the termination of groundwater recovery at DW-01 were used to
study the groundwater concentration trends. Data were compiled using monthly
reports from September 1988 to November 1994. The well locations are grouped as
follows, noting that the wells are aumbered from east to west:

Group A Wells 5, 6, & 7 (Locations near and to the east of the Deep Well)
Group B: Wells 8, 9, & 10 (Locations near and to the west of the Deep Well)
Group C: Wells 4, 11,12 & 13 (Locations more distant from the Deep Well)

Figures 1 to 6 show time histories of the contaminant concentrations at the well points.
The plots of each well group of each contaminant are scaled alike for easy comparison.
In some cases, duplicate test data were provided. The duplicate values were then
averaged for use in the calculation of the statistical values. For sampling events in
which the result was non-detect, half the value of the detection limit was used in the
calculation of the average.

The general trend appears to be an increase in all concentrations following the shut
down of DW-01. The data from September 13, 1993 indicated that all levels of benzene
and ethylbenzene were below their maximum concentration limits (MCL) of 0.005 and
0.7 mg/1 respectively. During the following months, benzene concentrations increased
significantly in well groups A and B. Ethylbenzene concentrations also increase in
groups A and B. Well Group C had values consistently below the MCL.

Benzene Results

Time histories of benzene concentration values were compiled to identify trends.
Because the wells were grouped by geographic proximity, it was possible to correlate
increased concentrations with the presence of contaminated plumes and/or the
potential of pure product in a specific area.
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Group A (Figure 1): This group of well points exhibited steadily increasing values from
below the MCL of 0.005 mg/1 to near 2.7 mg/lon the November 1994 sample. These

values, however, are low compared to those reported at Group B.

Group B (Figure 2): These well points exhibited the highest concentrations, with
maximum values near 45 mg/1. The values began to increase in November 1993, rose
steadily to a maximum in March 1993 and leveled off to about 18 mg/1 by September
1994. The exception was Well 9, at which concentrations decreased to 0.674 mg/1, then
increased significantly to a ma imum value of 449 mg/lin October 19%4.

Group C (Figure 3) Concentrations at these well points were near ot below the MCL.
The exception is Well 13, which showed a sharp increase in concentrations after a period
in March in which no data were available (the well point was not sampled because the
well contained no water). However, the values decreased steadily to below the MCL in
the following months.

Ethylbenzene Results

Ethylbenzene concentrations were evaluated in the same manner as for benzene
concentrations.

Group A (Figure 4): This group showed very high concentrations of ethylbenzene after
the shut down of DW-01, except Well 7. Well 6 exhibited a concentration of 132 mg/1in
March with decreased to 54 mg/1 by September 1994 then increased again, reaching a
value of 104 in November 1994. Well 5 reached a maximum concentration of 59 mg/lin
May. Concentrations decreased only slightly from July to November 1994, leveling off
near 20 mg/1.

Group B (Figure 5): These well points exhibited a significant and steady rise in
concentrations from December 1993 through June 1994, with maximum well point
concentrations ranging from 11 to 21 mg/1. There wasa steady decline in these
concentrations to below 5 mg /1in July. From August-November 1994, however, levels
in wells 9 and 10 increased to a maximum concentration of 64 mg /1 and 40 mg/1
respectively.

Group C (Figure 6): The concentrations at this group were below the MCL and stayed
constant throughout the testing period.

Sand Pack Data

In order to test the hypothesis that high concentration levels were the result of the
contaminated soil and not of a migrating plume of groundwater, ARCO installed wells
outfitted with sand packs adjacent to Wells 5, 6, 8 and 10. Samples were then withdrawn
from these wells on the same monthly schedule as the original well points and analyzed
for contaminant concentrations.
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Figures 7 to 14 show time histories of contaminant concentrations at each well point.

The wells installed with sand packs had significantly lower concentration values of each
contaminant. Wells 6 and 10, however, showed increased concentrations of both benzene
and ethylbenzene during the final months of the analysis at levels which were
comparable to the increasing values of the well points without the sand pack.

In June, the ethylbenzene concentration in Well 8 was above that in the well point
without the sand pack. During August and September, the concentrations were also
almost twice as large. For instance, in September the concentration was 11 mg/L,
compared to 4.7 mg /1 at the original well point.

Statistical Analysis

Statistical values, including arithmetic average, geometric mean and median, were used
to summarize the concentration data over the sampling period. Table 1 presents the
statistical analysis for the benzene and ethylbenzene concentrations at the September
1993 and July 1994 sampling events. The data show increased concentrations of both
contaminants. The data for the Central Plant Area are also presented for comparison.
The concentration averages are comparable for the two areas. When DW-01 was
operating, concentrations at well points, Jocated near DW-01, were lower, a direct result
of the recovery efforts and the induced infiltration of river water.

Table 2 compares the maximum concentrations with the November 1994 data for each
well. Some of the recent concentrations are lower than the maximum recorded data, but
several November 1994 readings were the highest. Because of this, a long-term trend
cannot be identified yet.

Evidence of LNAPL

A contaminant concentration level above 10% of the solubility limit may be an
indication that LNAPL or pure product may be present near the well. Table 3 lists the
values where measured levels exceeded 10% of the solubility limit. For data evaluated,
none of the wells had levels of benzene which exceeded 10% of the solubility limit
(178,000 ug /1. However, there were many instances of ethylbenzene levels exceeding
10% solubility concentration (15,200 ug/1). From December 1993 to July 1994, Wells 5
and 6 consistently reported concentrations which were two to nine times higher than
10% of the solubility limit. Comparably high concentrations of ethylbenzene were also
reported in the Central Plant and Styrene I areas in April 1989 and April 1993 and
LMNAPL has been reported there. The correlation indicates the potential presence of
pure product in the wellpoint and DW-01 areas.
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Section 3.0
Analysis of Groundwater Hydraulics, Contaminant Dilution and
Breakthrough

In order to assess the effectiveness of the DW-01 recovery efforts, several methods were
used to estimate the amount of river water versus groundwater that the well was
pumping. From this value and measured concentrations in DW-01, the amount of
contamination in the aquifer could be estimated.

The first method used was an induced infiltration analysis, that produced the ratio of
river water to the total water pumped in the well. Following Wilson (see Appendix A},
the value was computed as a function of a dimensionless pumping rate and the ambient
discharge to the stream. This analysis predicted that 85% of DW-01's pumping was from
the river.

An alternate method used Modflow to simulate both pumping and non pumping
conditions at the site. The input parameters and results are shown in Appendix B. The
model yielded an estimate of 83.4% * 5.5% for the ratio of river water to total flow into
DW-0L.

Using these results, Table 4 shows the estimated concentrations in the aquifer for each
contaminant, as well as for the total BTEXS. This is based on a simple dilution
calculation.

Water table data taken during September 1994 indicate the groundwater flow patterns
under non-pumping conditions. Figure 16 shows the water table contours. From these
contours, hydraulic gradients were estimated to be between 0.000375 and 0.0006 ft/ft.
These values are slightly greater than the value used in the CP/SII memo, and slightly
above the predicted maximum natural gradient of 0.0004 ft/ft, made by Applied
Hydrology in the April 1989 RI/FS. The water flows generally northwest towards the
Ohio River with a very flat gradient.

As expected, the groundwater flow pattern is dramatically different when DW-01 is
pumping. A comparison of Figures 15 and 16 show an increase in hydraulic gradients
from 0.000375-0.0006 to 0.000417-0.00091 while the well is pumping. The contours to the
west are diverted away from the river towards the pumping well.

Plume Breakthrough

Using the estimated hydraulic gradient of 0.0006 ft/ft, the time of travel of a contaminant
plume was computed. The well points are Jocated about 150 ft from the pumping well.
For an effective porosity of 0.25 and a hydraulic conductivity of 250 ft/day, the
groundwater velocity using Darcy's Law is 0.6 ft/day. Using this as the rate of travel of
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the plume, contaminant breakthrough at the well points (150 feet away) should occur
around 250 days. Examination of the time histories shows breakthrough occurring on
average 230 days after DW-01 was shut off. Table 5 lists the time for each well point.
These results show reasonable agreement and indicate that 2 plume is traveling toward
the river.

Section 4.0
Summary and Conclusion

This analysis of the monthly well point data indicates that there are concentrations of
contaminations entering the river which are above the goals set for the remediation at

this site.

Compatison of pumping and non-pumping conditions shows a steady increase of
concentrations, as evidenced by sustained rising values at the well points directly down
gradient of DW-01 (Well Groups A and B). This trend shows that the pumping at pW-01
was recovering product, which is now being discharged to the river.

The high levels of ethylbenzene indicate the possible presence of pure product, which
has also been confirmed by ARCO's report of a sheen on the river in November 1994.

A breakthrough analysis shows that the time of travel of the observed contaminant
plumes is reasonable with the expected groundwater velocities at this site.

Dilution analysis results enabled comparison of the well point concentrations with the
estimated amount of dissolved product in the aquifer. Taking into account the spatial
distribution of product, and that product may be floating on the water table, the
concentrations at the well points would be expected to be slightly greater than the
concentrations deeper in the aquifer. Comparison of the two shows a Strong indication

that a plume exists in the aquifer and is flowing with the groundwater and discharging
to the river.

5275-005-CG-REPT
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Table 1

Statistical Analysis of Groundwater Quality Data
Area Date Contaminant Arithmetic Mean! Geometric Mean Median
maft maAl mall
cpP/S2 Apr 1993 jBenzene 22.38 0.16 0.09
Ethylbenzene 6.79 0.42 0.06
Vel Points | Sep 1993 Benzene 0.0025 0.0025| 0.0025
Ethylbenzene 0.0059 0.0033]  0.0025
Well Points__ [July 1994 |Benzene 4.36 0.13] 0.63
Ethylbenzene 13.50 0.20] 1.04




Table 2
Maximum Concentration Data at the Well Points
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nces of Concentrations Exceeding 1

Table 3

10% Solubility Limit

Contaminant \ Solubility Limit

Date

mafl mafl

L ]

Ethylbenzene

NONE

S I
December 7, 1993

February 21, 1994
March 25, 1994

April 22, 1994

May 11, 1994
May 25, 1994
June 9, 1984

June 23,1984
July 7, 1994
July 20, 1994

August 4, 1994

August 18, 1994
September 20 1994
October 13, 1994
October 27, 1994
November 14 1994
November 23 1994

R-6R
mal

17.20
30.50
32.85
2825
28.10
58.50
43.40
45.10
33.60
25.25
17.65
26.75
12.00
19.35
26.20
23.50
20.95

0% Solubility Limit At Well Points

R-6

mygil

not sampled

Well
R-8
mg/ft
41.30
78.70
131.50
80.85 23.05
60.80
23.65
102.00 33.55
87.30
101.00
101.00
67.80
67.50
54.00 32.00
63.80 51.30
66.85 63.40
104.45 4435
77.55 64.10




Table 4
Concentration Data




Table 5
Breakthrough Times for Well Points
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Appendix A
Induced Infiltration Analysis

From J.L. Wilson. WRR Vol. 29 No. 10. October 1993. p- 3503-3512.

Flow in Aquifer Between an Impermeable Boundary and a Stream (see Figure 8 p. 3508).

L = 1500 ft.
d = 150 ft
d/L = 01
N = 6in/year = 137X 103 ft/day
qu = 0
Ga = NL=qL= 2.05 ft2/day

For Qw = 300 gpm = 57,754 ft3/day
A= A = st = 04
From Figure 82 35 = 85-90%

From Figure 8b g = 85%

For Qyy = 200 gpm = 38,503 ft3/day

_ — 28 503 _
B = -2 = maeoy =

= = 38,503 -
A = 5 = zohoem = 02

From Figure 8a 85 = 80-85%

From Figure 8b 8% = 80%
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Induced Infiltration in Aquifers With Ambient Flow

Joun L. WILSON
Department of Geoscience, New Mexico Institute of Mining and Technology, Socorro

Well water guality depends on the relative amounts of water drawn from the pumped aquifer and
nearby surface water bodies, such as streams, lakes, and wetlands, Although a surface water body
may normally gain water from the aquifer, pumping can reverse gradients. causing it to iose waler near

the well. Surface water then enters the well by induced infiltration. Two-dimensional vertically
integrated modeis of induced infiltration are developed for various combinations of aquifer geometry
and sources of recharge. The models, which have applications in weilhead protection, aquifer pollution
characierization, and aquifer remediation, are presented graphically. They show that the propensity
for and rate of induced infiltration are enhanced by higher pumping rates. proximity of the well to the
stream, and the presence of nearby barrier boundaries. The propensity and rate are reduced by the
presence of other surface water bodies. Ambient groundwater discharge rate to the surface water body
also plays a role, but not its source, whether it is from jocal vertical recharge, lateral inflow, or both.
The results are also largely indifferent to whether the aquifer wransmissivity is assumed to be 2
constant, or a function of water 1able clevation. Finally, if the well is close enough to the surface water
body, say, less than 59 of the aquifer width, then the aquifer acts as if it were semi-infinite.

INTRODUCTION sources of water supplying the well. Quantifying the amount
] . . of induced infiltration in terms of these parameters is an
Throughout the United States it is common to find high-  important factor in conjunctive water use as water demand
capacity shaligw wells pumping from phreatic aquifers i jncreases and the reliability of surface supplies is threatened
allyvial or glacial valleys. These wells are commonly located by sireamflow depletion. The streamfiow depletion problem
in Jow-lying areas near streams, wetlands, or ponds. One can  pa5 peen well-studied, particularly in the western and mid-
only guess at the rationale that led early well designers 10 ecrern states [e.2., Theis 1941: Kazman, 1948; Glover and
examine and eventually select a particular well site. but such g oo, 1954 Rora‘baugh‘ 1956,- Hamusi; 1959’ 1965 Jen-
iic.":zl: as o;heafhal::: iep.th o p groupdwatcr, ;he lartge kins. 1968, Walton, 1970). In the east. streamflow depletion
ickness satura pervious deposits near the center o\ sually not the critical issue, but water quality is. Because
and/or lowest portion of the valley, and the proximity 10 2 = ¢ the potential for poliution of both ground and surface
?:f: bisi‘i—:c;wit:;nb:‘::t::e;n al?n::v:hztiefhztd?rﬁ 1::;\:;; waters from varied sources and by varied pollutant species,
insuﬁciem n‘:lturil recharge from rainfall infiltration 1o su quantification of the amount of induced infiltration becomes
ge lrom e . P*  an important factor in evaluating the reliability of well water
ply many of these wells at their histonic pumping rates, and quality. Below we use the term “stream’ 10 describe the
that a portion of the pumpage must come from the nearby ’ .
surface water body, such as a stream, lake, or wetland, The ;’ga:;pﬁa:grd‘f::z‘ bc:_: dihi;;:‘:e;’gpﬁ:?;;%s and results
decline of groundwater levels around pu-mping w?,tls located The two induced,irl:ﬁ!tra{ion pr(,)blcms stream.ﬂow deple-
:s::ca;}u:;a;cea:;t:;tbofguzge‘:ﬁ:rg;ztcﬁﬁarggzlgaf::'\f tion and water quality, are different. The depletion problem
without pumpin disc%nar od as base flow 10 the su rface; is inherently time dependent. When pumping starts, the well
water a:d atp sugf;ﬁcienuy l“'; rge pumping rates induces flow initially obtains its supply of water from aquifer storage.
! " . Eventually, the cone of de ression of the well intercepts the
out of the body of surface water 1nto the aql:txfcr. Thg sum of strearmi ani the drawdown 1;,:ornt:s to an equilibrium wii)th the
these two effects leads to streamfiow depletion. In this paper ctreamflow reduced by the rate at which the well is 1pumping
the latter effect is referred to as induced infiltration and is If under ambient conditions the stream is gaining, it is noi
fiue toa ll'evcrsa.} of gradients cause.d by the pumping. With necessary for the well to actually reverse gradi,ents and
::t:)dmuz:dalr;?)itir:uﬁ;ez;ui;ai}h;h:ticlisni?onor;'altll‘-[egzgi? g 1?}: induce infiltration. It depletes streamflow simply by captur-
f . g . . Y ", ing some of the ambient aquifer discharge before it reaches
potential for induced infiltration is clearly documented in the the stream as base fow. In fact, as long as the stream an d
.i ?:;?;f:elig?fgfﬁz‘}{ h;;‘g’s}zgiézf:z‘;’;‘;gj gﬁ‘ :gigi aquifer are in hydraulic connection, the rate of streamfiow
and has be;:‘n mc‘t'e din the, field ,{Roraba; b 1,956‘ Ig’orn's depletion is relatively independent of whether or not the
1983) stuci g ! ' gtream is actually gaining or josing, and the actual sources of
) . . L . the water being pumped.
The ax_noum‘of mdu.ced mﬁltrapo_n s 8 fun;tlon of many However, in a water quality analysis whether a stream is
factors, including aquifer tranSmissivily, aquifer geomelry,  oinally gaining or losing is paramount. A poliuted stream

w i hydraulic connection . o . .
ell pumping rate, the strength of the ydraulic connectio that is gaining even under pumping conditions cannol gen-

between the aquifer and surface water body due to stream . . L
penetration antzl clogging leyer, and the prz.se'nce of other erally pollute an aquifer. if the pumping rate 18 increased and

the polluted gaining stream becomes a losing stream Over 2

Copyright 1993 by the American GcOPhYSica Union. short distance, due to induced infiltration toward the well, it
Paper number 93WR(1393. pollutes only the aquifer between the well and the stream. As
0043-1397/93/9IWR-01393505.00 the pollution enters the well it is diluted by the other SOUrces
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o F=ier, such as ambient aquifer fiow. If, on the other
1 nd, it is the aquifer that is polluted, then the weil pumping
“ rate can be increased until it induces infiltration of sufficient
good quality streafil water to dilute the potlution. Over the
long term, these water quality issues can often be viewed
from a steady state perspective, for wells that pump more or
fess continuously to supply water for industrial or domestic
use. Pumping for irrigation usually is too intermittent to be
amenable to steady state analysis
Although the streamflow depletion problem has been
studied for many years, the water quality induced infiltration
problem has not. 1 have encountered the water quality
probiem in numerous practical situations and developed the
simple models presented here to aid in its study. The models
help with understanding induced infiltration phenomena and
provide a ‘*first cut’ analysis of alternative well field designs
and pumnping rates from a water quality perspective, or assist
in the delineation of wellhead protection zones {Newsom
and Wilson, 1988; Environmental Protection Agency, 1990;
Schafer-Perini and Wilson, 1991; Wilson and Linderfelt,
1991). They may also be of some help in characterizing past
pollution events involving wells, aquifers, and streams oOr
other surface water bodies, and in designing aquifer remedi-
ation schemes. -
The models are presente

d in the form of dimensionless
curves, describing the conditions under which induced infil-
tration occurs and giving the amount of induced infiltration
as a percemage of well discharge. Under ambient conditions
the stream is assumed to be gaining, supplied by ambient
aquifer flow. Under pumping the well captures a combina-
tion of induced stream waier infiltration and ambient aquifer
flow from both natural vertical recharge and lateral inflows.
The aquifer is assumed 10 be homogeneous and isotropic.
The stream and the well are assumed to fully penetrate the
aquifer; the flow is essentially horizontal. The stream chan-
nel is assumed to have & negligible gradient so that the
ambient flow is essentially perpendicular to the stream. The
stream is assumed to be hydraulically connected to the
aquifer, and the wgkin effect’” caused by 2 possible clogging
layer of low conductivity lining the stream channel is ig-
nored. With negligible channel gradient and skin, the stream
can be represented as a constant head boundary. In ,a
phreatic aquifer the drawdown is assumed 1o be small
compared 1o saturated thickness, leading to the Dupuit
approximation. Temperature variation and its effect on agui-
fer hydraulic conductivity are also ignored. Equilibrium
(steady state) conditions for both flow and water guality are
assumed; the approach is most applicable to average long-
term conditions at continuously used water supply wells.
Well tests, such as that described by Rorabaugh [1956] or
Norris (1983}, are usually 100 short in duration for equilib-
rium to OcCur.

The equations for induced infiltration in a semi-infinite
aquifer with ambient fiow are developed first. This review
introduces the approach, concepts, and notation for a simple
case. More sophisticated cases are then presented, with
combinations of barrier and stream boundaries, and sources
of recharge.

WELL IN A SEMIFINFINITE AQUIFER

-infinite aquifer bounded on
The aguifer can be

Consider a homogeneous semi
one side by a fully penetrating stream.

b INFILTRATION IN AQUIFERS WiTH AMBIENT FLOW

plan:
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a pumping well in the vicinity of a stream in
infinite aguifer.

Schematic of

Fig. 1.
f ambient aguifer flow in a semi-

the presence O

1 illustrates the phreatic case. A
uniform ambient flow, g,(LYT], discharges toward the
stream, which acts as a constant head boundary. The well,
Jocated distance d from the stream, pumps at rate O (L%/
T). Under steady state conditions this situation is described
by the LaPlace equation, v = 0, where there is a sink of
strengthof @, atx =0, = d. The state variable S[LYIT]
takes on different definitions in confined and phreatic aqui-
fers

confined or phreatic; Figure

o=Th confined or linearized phreatic aquifer,

(1)
Kh®

Eo tm——

D Dupuit type phreatic aquifer,

where h[L] is depth averaged head (also water table cleva-
tion in the phreatic aquifer case), K[LIT] is horizontal
hydraulic conductivity, and T = [L*/T] is ransmissivity. As
the note indicates, the former definition in (1) applies when
the concept of constant transmissivity is employed in a
confined or phreatic aquifer. The latter definition for a
phreatic aquifer with a horizontal bottom leads to a trans-
missivity, Kh, that depends on the saturated thickness ina
phreatic aquifer. As will be shown later, both forms of the
model provide identical results for induced infiltration, al-
though it can be shown that results for the interior of the
aquifer are different, and thus influence capture Zones and
other interior features. The solution for & is obtained by
superposition of the ambient flow and the drawdown due 10
the well. The drawdown is in turn found via image

well
theory. The result is
(y + Fike + x*
in {Z-;—:E')-i—;‘i , (2)

at the stream
represents the

&(x, y) = Pot+ qa¥ ~ f—"ﬁ
™
in which &, = @ = hg) is evaluated
boundary, where h = hyg. The first term in (2)
stream surface elevation, the second term is the rising bead
away from the stream caused by ambient fiow, and the third
term is the weli drawdown. Darcy's law then can be em-
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a)small Q.<Q: b) critical 9,20, C)Large 0, >Q;
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Fig. 2. Flow patterns for a semi-infinite aquifer in the vicinity of the well and the stream for (a) a subcritical
pumping rate, {b) 2 critical pumping rate, and (¢) for pumping above the critical rate causing induced infiltration. For

the latter case the zone of induced infiltration is located along the stream between the stagnation points A and A'.

ployed to yield the specific discharge integrated over the
depth, here cailed the “discharge per unit width,” g =
—V&[LYT]. To compute the rate of induced infiltration
examine this discharge along the stream boundary,y = 0, or

P _ Ow d 3
="qet ar (d1+x2) ' (3)

go(x)=g(x, 0)=——=

ay
In the absence of pumping the stream is gaining and the
discharge to the stream is in equilibrium with the ambient
infiow: g = —qa if Qu = 0.

For small pumping rates the stream continues 1o gaif, as is
shown in Figure 22, and the well continues to obtain all of its
water from the ambient fiow field. A critical situation 1s
reached at a higher pumping rate, pictured in Figure 25, for
which the well just begins to draw from the stream. This
pumping rate is called the critical pumping rate, Q.- Math-
ematically, the critical pumping rate occurs when the stag-
nation point downgradient of the well (point A in Figure 2a)
moves onto the stream (Figure 2b), so that qp = 0 at the
origin (x =y = 0). Setting (3) to zero at x = 0 gives the
critical pumping rate 0, = wdq,, which is directly propor-
tional to the ambient flow rate and the distance between the
well and the stream. Pumping al rates above this critical
value induces infiltration from the stream, and the stream
begins to lose water {0 the well. For 0, > Q. the stagnation
point ‘‘splits™ and moves equidistantly up and down the

y=0

1.0 //'-l
]

o8
06

o

Q'
(LX) /
02 V
00

w0t 10° 10! 10 1w 10t
. ﬁ = QW/ ‘ndﬁo. -
'?__' méuccd infiltration as a function of dimensionjess pumping

G )<

rate.

stream, to the points labeled A and A’ in Figure 2¢, in order
to accommodate the zone of induced infiltration. Actually,
the stagnation point does not really split; this is just the
appearance of 2 second image stagnation point not visible in
the figure when @, = Q.

The induced infiltration takes place between points A and
A’ and is calculated by integration. Let the x coordinates of
these points be given by ~x'. The coordinates are found
using (3) and the property that g, = 0 at a stagnation point,

xld = [QJmda, 11" = (B - D' )
where p is the dimensionless pumping rate,
B=Q.mdq, (5)

Then (3) is integrated between +x' to vield the induced
infiltration rate, @,1L3/T1,

+x" 2Qw
;.= J' gq dx = =2qx" +—— tan~! (x'/d). (6)
kil

-x'
Substituting the stagnation point location from (4) into this
yields the final expression for induced infiltration O, here
expressed as a proportion of the total pumping rate, Q.:

Qw T

This dimensionless relation is graphed in Figure 3. The
critical dimensionless pumping rate is 8 = B; = 1, and (4}
and {7) apply oniy when pumping cxceeds this value, that is,
when g = 1. The solution of these equations is indifferent to
the definition of ® and to whether the aquifer is assumed to
have a constant transmissivity or one that varies with
saturated thickness. This is because the saturated thickness
at the stream is fixed by the constant head boundary condi-
tion.

The graph in Figure 3 shows that the amount of induced
infiltration increases with pumping rate, well proximity to
the stream, and decreasing ambient flow rate. The pumped
water coming from ambient flow is givenby @, = Cw when
g=1l,and 0, = Q0 ~ Q, when B = L. Although the
proportion of pumped water coming from the ambient flow
decreases at higher pumping rates, its absolute contribution

PPN
&:3[.—{"3—;—)-—4- an~ (g~ 0" )
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Fig- 4- Contributions of ambient flow and induced infiltration 1o
pumpage.

increases, as is itlustrated in Figure 4. This example is 2
special case of the more general models examined below and
has been studied before, usually in a different context. In
potential flow theory the typical application cORCErNS an
injection production well pairin a confined aquifer [Jacob.
1950; Milne-Thomson, 1968, DaCosta and Bennelt, 1960]. 1t
has also been presented in the present context [Edelman,
1972; Wilson, 1981} for the case of constant transmissivity.
including one application with the ambient flow approaching
at an angle due 10 2 significant stream channe! gradient
[Newsom and Wilson, 1988},

WELL BETWEEN A STREAM AND A BARRIER

Suppose that bevond the well the aquifer pinches out of is
interrupted by a nonconformity. As is depicted in Figure 5.
this is represented as a barrier across which some flow may
be possible. In the glaciated regions of the United States this
parrier typically represents bedrock or glacial till: elsewhere
it could be an upthrown fault block of relatively impervious

L ..—-————"""\
plan: h
jaterat
inflow
aL
72
profile: barrier
s recharge
hy

Fig. 3. Schematic of a pumping well jocated between 2 stream and
a barrier.
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rock. The lateral inflow across the barrier gz i8 assumed 1o
be independent of any drawdown in the aquifer and can be
estimated through an independent hydrogeoiogical analysis
of that source area. A uniform local vertical recharge.
N[LITY, i applied across the top of the aquifer. The well
draws water from the local recharge and lateral inflow. and
for sufficiently strong pumping it induces infiltration from the
stream. 1 hypothesize that the rate of induced infiltration
should be greater in this case because of the enhanced
drawdown caused by the barrier. The same analysis proce-
dure is employed: first, the head distribution is determined
and used to construct the discharge 10 OF from the stream;
second, the critical pumping raté is determined by setring the
discharge 1o zero at the origin {(x =¥ = 0); and third, for
higher pumping rates the discharge is examined for stagna-
tion points, and the induced infiltration rate is computed by
integrating the discharge to the stream between these points.

The aguifer of Figure 3 is commonly referred to as an
infinite stTip aquifer and is described by the Poisson equa-
ton, V'@ = —N, where the same definitions apply. The
aquifer can be confined or phreatic. The stream is assumed
to be a constant nhead boundary and the barrier is & pre-
scribed flux boundary. This linear flow problem is decom-
posed into TWO parts. In the first part the ambient head @,
before pumping is determined by solving the one-
dimensional Poisson equation across the aquifer along axis
y, for any x. The result is $,(x. ) = G+ gLy ¥ Ny(2L
—~ v)/2. The firsi two terms arc analogous 10 the first two
terms in (2) for the semi-infinite aquifer. The third term
represents the effect of local recharge. The second part of
the solution addresses the drawdown due 10 the well. Here
the LaPlace equation applies and the barmier poundary is
treated as a no-flow boundary. A series solution for this case
can be found by image well analysis, but it cONVETEES slowly.
Conformal mapping provides an exact approach. The
Schwarz-Christoffel transform (see. for example, Milne-
Tompson [1968]) is appropriate. where the transformed
space for an infinite strip is the semi-infinite quarter space
shown in Figure 6. Representing the strip by the compleX
coordinate z = X T iy and the transformed space by {=¢£
+ iy, the transformation is § = €xp (w2f2L). where i =
~/—1. in the transformed domain both the stream and the
barrier are simulated by only three image wells, as is
illustrated in Figure 6b. The real well is jocated al fuw =
exp (iwd/2L).

Subtracting this drawdown from the ambient head &,
yields an expression for head and flow anywhere in the
aquifer, as influenced by both ambient flow and pumping:

a. L b.
; barrier
iy
O,
. pumnping I
X well, Z, ‘l
‘ it !
s P
image v p=E+in
wells = exp (mzf2L)

Fig. 6. Transformation of (a} the infinite strip aquifer into.(f'J) :
semi-infinite guarier space aquifer where the boundary condition:
can be preserved with just three image wells. (£ = &XP (mzf2L).
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) Ny(2L - ¥)
Qx, =@+ i¥ =D+ > +qLy

+i[~Nx{L-¥)~ q,,x]}

Ow [— 4w L+
+ - Xln (§ - f*w) +ln (g " Cwﬂ. €3]

The symbol {} represents the complex potential, and the
superscript asterisk indicates 2 complex conjugate. The real
part of this equation represents the head &, whereas the
imaginary part represents the stream function ¥. The first
term is the constant head boundary at the stream. The
second term is due 10 the ambient flow caused by local
recharge N and lateral inflow g . The last term is due to the
pumping. The stream function caused by ambient flow is
represented by the imaginary part of the second term. It
changes with distance from the stream because of the local
recharge.

The discharge 10 of from the siream dgg is found by
differentiating (8) and applying the result at y = 0, 28 is
described in the appendix. The result is

(x) = ( 0 ad _ + Qw
qolx)=alx. O =75 90 37 cosh (X)
' 3 2 in- ’ {9)
(cos® & tanh” X + sin &)

where
qq=(g.+ NL) (10a)
5 = wdi2L, (10b)
X = wxl2L. (10¢)

The symbol g4 represents the ambient discharge t0 the
stream, and it equals the lateral infiow and local recharge.
The other two factors are the scaled dimensioniess distance
to the well and the scaled x coordinale, respectively. The
critical pumping rate is found by setting the discharge in 4]
to zero and can be expressed either as 2 dimensioniess
function of well location d,

. Q. sind
o e T 1la
Be rdg, 5 (112)
or as a function of aquifer size L,
ac=-_-,-%—;—=sin 5. (115)
- a

These two functions aré plotted in Figure 7.

For pumping greater than the critical value the stagpation
points at +x' are found by setting (9) 10 Zero and solving for
x' = x. The resuits are expressed in terms of the dimension-
less pumping rate, & = Bs = Q.,/2Lg,, 252 function of the
dimensionless stagnation point jocation X' = ax'[2L:

w cosh X' -
a:._Q__.--.-_ﬁa.—. : (sin? 5 + cos? & tanh? X').
2Lq, sin &

(12)

s
a. Exqe. 11a nad 200 l
L

Be * \ wubuvelﬂ

4] 02 04 06 03 1]

Fig. 7. Critical dimensionless pumping rate necessary to induce
infiltration as 2 function of well location d/L. Scaled by (a) distance
from the stream d and {b) distance between barmer and stream L.

The rate of induced infiltration 0, is found by integrating the
discharge (9) between these limits.

20w
Qs= —2q5 T sin &
T

X dx
L (sin® & + cos® 5 tanh- X) cosh X

(13)

using symmetry about the y axis. The integral in the last
term, rcpresemed below by the symbol [, is evaluated by a
change of variables, w = sin"' (tanh X), so that it becomes

; w dw 1 -1 tan w'
= -1 ] = = tan —_—
J (sin- & + cos? & sin® w) sin 5 sin &

0
(14)

where w' is evaluated at X'. By definition tan w' = sinh X".
The final dimensionless form of the induced infiltration
equation for 2 well between a Stream and a barrier is

0, 2|-X _, [sinh X -2x'qa
— — - tan - - em————
0, 7| ¢ sin & Ow

2 . sinh wx' /2L
+=tan ' |l——"7 | (15}

T sin wd/2L

The rate of infiltration for a given pumping rate is found by
substituting in the stagnation point solution from (12). The
results are graphed in Figure 8. These results are also
indifferent to whether the aquifer is assumed 1O have 8
constant transmissivity or one that varies with saturated
thickness. Perhaps more curiously the resuits depend only
on the magnitude of the ambient discharge da- and not its
source. Thus for a fixed ambient discharge, the amount of



3508

Fig. 8. Induced infiltration from & well located between a stream
and a paraliel barrier as a function of dimensionless pumping rate
and ambient discharge 10 the stream {g, = NL + g). Scaled by
(a) distance from the stream d and (b) distance between the stream
and the barrier L.

induced infiltration in an aguifer with vertical recharge and a
no-fiow bardier is the same as in an aquifer with no vertical
recharge and lateral inflow across the barrier. Apparently. it
is the head and ambient flow rate at the stream that deter-
mines the induced infiltration rate and not conditions around
the well. -

Figures 7b and 85 describe what happens for an aquifer of
a fixed width L as a well is moved to different positions d
within the aquifer. No matter where it is located within the
aquifer, the well can be pumped hard enough to induce
infiltration after it has used up the avaijlable water from Jocal
recharge and lateral inflow. Even 2 well located along the
barrier requires only a moderate pumping level (e, — } 23
diL — 1; Figure 7b). For example, if local vertical recharge
N is the only source of ambient fiow then the critical
pumping rate is equivalent to the local recharge taken over
an area 2L7, equivalent to 2 portion of the aquifer twice as
long as it is wide. I the well is moved cioser 1o the stream it
takes even less pumping to induce infiltration (& = QasdflL
— 0). When pumping at rates above the eritical value, the
rate of infiltration increases with higher pumping rates, less
local recharge and lateral inflow, and decreasing distance to
the stream (Figure 8b). For negligible jocal recharge and
lateral inflow (a > 100), or wells jocated very near the stream
(e.g., dIL < 10-¢ for a > 0.1), almost all of the pumped
water is induced infiltration.

If instead the well is tocated a fixed distance d from the
stream, but in aquifers of different widths, the description is
contained in Figures 74 and 8a. The rate of pumping
necessary to induce infiltration increases in larger aquifers
(Figure 7a) because the well has more aquifer from which to
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draw its recharge and depends less on induced infiltration,
When the aquifer is 5 or more times wider than the distance
from well to stream, the critical pumping rate approaches the
asymptotic value found for semi-infinite aquifers (B, — 1.
Figure 7a). For pumping rates significantly above the critical
value the rate of induced infiltration is higher in finite width
aquifers, as described by the fairly compact envelop of
curves in Figure 8a. The lower curve Figure 8 represents the
semi-infinite case, d/L = 0. Comparing this case t0 diL =
0.2 suggests that the critical pumping rate is essentially the
same, but when pumping at B = 100 the finite aguifer has
almost 5% more induced infiltration. As pumping increases
the well has a greater propensity 10 ‘feel” the presence of
the barrier boundary and thus a greater potential to induce
infiltration. For fixed d in small aquifers (d/L — 1) the
barrier is closer to the well than is the stream. When the
barrier is adjacent i@ the well the amount of pumping
necessary to induce infiltration is only slightly less than that
required in 2 semi-infinite aquifer (B, = 2AUm = 0.64
compared to 1.0 Figure 7a). The results in both Figures Ta
and 8a are somewhat surprising in that aquifer size seems 10
count for so littie. This misieading conclusion ignores the
role of ambient discharge to the stream, 2 normalizing factor
in the curves. which would typically be smaller in smaller
aquifers.

In summary, the presence of the barrier boundary in-
creases the propensity for, and rate of, induced infiltration
because the well has less aquifer to draw from other sources
of recharge. Induced infiltration is independent of the mix of
Jateral inflow and local recharge and does not depend on
whether the aquifer transmissivity is constant or 2 function
of saturated thickness.

WeLL BETWEEN TWO STREAMS

Let us now look at the case of a well located between two
streams, as is depicted in Figure 9. Although highly ideal-
ized, this situation is typical for many watersheds. It also
could be used 1o conceptualize a well pumping between

e e —— L ___'___—-\
plan:
| r,_ d __\
Q"
pumping well
X .
profile: e smeam
recharge
soeam 1 Pﬂ-
i Holal e
— - h2
by - hix.y)
—- -
W %

Fig. 9. Schematic of a pumping well located between WO parallel
streams.

%



rrigation and drainage canals. The streams can have the
same or different elevations, h; and ha, and there is local
recharge N between them. The well draws water from the
local recharge, and for sufficiently strong pumping induces
infiltration from one ot both streams. The well always draws
some water from the stream with the higher elevation when
that elevation is high enough to be losing under ambient
conditions.

This is another confined or phreatic strip aquifer with the
fiow described by the Poisson equation, V2d = —N. Each
stream is treated as a constant head boundary. The ambient
head @, is found by solving the one-dimensional Poisson
equation across the aquifer and is described by @,(x, ¥) =
@, + (&1 — @, )yy/L + Ny(L = y)/2. The first two terms
represent the effects of stream elevation. The third term
represents the mounding in between the stréams caused by
local recharge. The well drawdown is again calculated using
a Schwarz-Christoffel transform. The transformed space for
an infinite strip aquifer bounded by two streams is a semi-
infinite half-space with a constant head boundary on the
side. In this decomposed problem both streams are assigned
the same constant head (¢ = D) and are represented through
a single-image recharge well. The new transformation is{=
exp (wz/L). Alternatively, one could use the previous trans-
form by exchanging the sign of the two image wells that are
labeled “'a* in Figure 6. Either way the determined draw-
down is subtracted from the ambient head &, 10 yield the
expression for head and flow, represented by the complex
potential:

Ny(L—y) ($—@
Qx, =@~ i¥= AL, i)y-i—(bi]

2 L
f-Nx(L-2y) ($2- ) Qw {= 4w
+i . - == in ==
2 L 2 {~ 4w

The discharge to or from the streams is easily found by
differentiation, as is shown in the appendix, and is given for
the stream located along the x axis by

ad ,
golx) = g(x, 0) = iy = —q,
S ly=0
O. sin (28)
+ - . an
2E lcosh (2X) — cos {28)
The ambient discharge to the stream is
NL . ¢, — Py (18)
907 r

while § = wd/2L and X = wx/2L are the same dimension-
less parameters used for the stream barrier case. The dis-
charge to or from the stream atx = L is givenby a similar
expression. In fact, (17) applies to cither stream by reorient-
ing the coordinate system 50 that y and d are measured from
the stream of interest. Please note that no assumptions have
yet been made about the relative magnitude of @ and P,

The rate of local recharge N plays a significant role in
determining sources of pumped water. If the rate is suffi-
ciently large that a groundwater divide forms between the
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streams, as is illustrated in Figure 9, then both streams are
gaining. Induced infiltration for this case is given below. If
the local recharge rate is sufficiently small and the streams
are of unequal elevation, then there is no divide. Under
ambient conditions the critical recharge rate below which
this occurs is given DY

|®2 - D

which is found by setting (18) 1o zero. The higher or upper
stream loses water to the aquifer, while the jower stream
gains the discharge. In this case there is no need for pumping
to induce infiltration from the upper stream; it loses water
naturally {g, < 0). A well pumping from this aquifer will
always sample both the local vertical recharge and this
naturat throughfiow from losing stream 1o gaining stream,
whatever the pumping rate. It is necessary to actually model
spatial capture Zones to determine how much of the pumped
water comes from the upper stream and how much comes
from local recharge [Wilson and Linderfelt, 1991].

The critical pumping rate necessary to induce infiltration
from a gaining stream is found by setting the discharge in{17)
to zero, yielding

B.=QJw=dg,=tan 8/8 (20a)
a, = QJ2Lg, = 1an ] (205)

where o = B8. These two functions are plotted in Figure 7
for positive values of ambient discharge to the stream. For
pumping greater than the critical value the stagnation points
~x' are found by setung {17) to zero and solving for

Quw 5 cosh (2X') — cos (28)
T 2Lg, o= sin {28) )

en

a

as a function of the dimensionless distance X' = wx'i2L.
Induced infiltration is found by integrating the discharge (17)
berween these limits:

. 5 .
0, = —2g.x" F ;21 sin 28 X ————-—c—if———-’
™ cosh 2X — cos 28

0
(22)

“The integral in the last term is evaluated by using formula
24433 in the work by Gradshteyn and Ryzhik [1980],
leading to the final dimensionless form of the induced
infiltration eguation for a well between a tWoO parallel
streams:

0, 2 [—X' i 5 [1 — cosh (2X7) cos (25)“
Ele e |-—+cos

Q. 7w« 2 cosh (2X') —cos (26)
—2x'g, 1 _, |1 —cosh (mx'IL) cOS {wdiL)
= + ~— CO§
Cu ™ cosh (wx'/L) — cos (wd/L)
(23)

The rate of infiltration for a given pumping rate is found by
substituting in the stagnation point solution from (21). The
results are graphed in Figure 10. These results are indifferent
to whether the aquifer is assumed to have 2 constant
transmissivity or one that varies with saturated thickness.
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Fig. 10. Induced infiltration to a well between two parallel

streams as a function of dimensionless pumping rate and ambient
discharge to the stream of interest q,. Scaled by (a) distance from
the stream of interest d and {b} distance between the two streams L.

Also, note that as long as the stream gains water under
ambient conditions, induced infiltration is independent of
source of the ambient discharge.

Figures 75 and 105 describe what happens to an aquifer of
a fixed width L as a well is moved to different locations
between the streams. If instead the well is located a fixed
distance from one of the streams, but in aquifers of different
widths, the description is contained in Figures 7a and 10a.
The amount of pumping necessary to induce infiltration from
a stream depends on the proximity of the well to the stream
(Figure 7k). By symmetry arguments a well that is located
midway between two equal elevation streams will induce
infltration from both streams at the same pumping rate {a,
= 1). A well located farther from one stream than the other
finds it much easier to induce infiltration from the nearer
stream. For example, a well 3 times farther from one stream
than another will induce infiltration from the closer stream at
a pumping rate far smaller than one third of the pumping rate
it takes to induce infiltration from the farther (a, = 0.41 at
d/L = 0.25 versus ¢, = 2.41 atd/L = 0.75 in Figure 7b).
When a well is located very close to one stream and far from
the other, then it is difficult to induce infiltration from the far
stream unless it is significantly higher in elevation. In this
case the critical pumping rate for induced infiltration from
the near stream approaches that for the semi-infinite aquifer
(B, — 0asdiL—0; Figure 7a).

Once the critical pumping rate is exceeded the rate of
induced infiltration from a stream increases with higher
pumping rates, less ambient discharge 10 the stream, and
decreasing distance between the stream and the well (Figure
105). For a sufficiently high pumping rate (a = 200) the
amount of induced infiltration from a stream is inversely
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proportional to its position within the aquifer. Thus the well
that is located 3 times farther from one stream than another
ultimately draws 3 times more water from the nearer streain
than the farther. Wells jocated much nearer one stream than
another behave as if they were in a semi-infinite aquifer
(Figure 10a).

Figure 11 illustrates what happens for a well located one
fifth of the distance across the aquifer (d/L = 0.2 from the
near stream and d/L = 0.8 from the far stream). At a low
pumping rate all of the water comes from local recharge, and
the well's capture zone does not extend to either stream. At
a slightly higher pumping rate (e, = 0.32) the well begins o
induce infiltration from the near stream. Increased pumping
induces infiltration from this stream and increases the size of
the well's capture zone within the aquifer. Not until the
pumping rate reaches a substantially higher rate (a, = 3.08)
does the capture zoné actually extend far enough to induce
infiltration from the far stream. When the pumping rate
increases two orders of magnitude again (o = 200), almost all
the pumped water comes from induced infiltration, in inverse
proportion 1o the proximity of the well 10 each stream. The
size of the capture zone and the amount of local recharge
withdrawn grow with each increase of pumping rate, al-
though it becomes less important compared to the induced
infiltration.

The results for the stream-stream strip aquifer and the
stream-barrier aquifer are guite similar for wells that are
sufficiently close to the gaining stream. Compare Figures 80
and 10b for d/L = 0.05. This suggests that a simple
semi-infinite model is appropriate for wells that are located
within a distance from the stream of less than 5% of the
width of the aquifer.

In summary, the presence of the second stream boundary
decreases the propensity for and the rate of induced infilira-
tion from the first stream. The second stream offers an
additional source of recharge. Once again, the induced
infiltration rate does not depend on whether the aquifer
transmissivity is constant or a function of saturated thick-
ness, or on the source of the ambient flow, as long as the
considered stream is a gaining stream.

imduced infikraion
from the fas sream

0t

0.2

o0 | e oo
10! 100 i0* ¢ 10 104

a = Qw/zuh

Fig. 11. Induced infiltration 10 2 well from each of the (wo
paraliel streams {(darker greys) as a function of the dimensionless
pumping rate scaled by the distance between the two streams L. The
well is located at 2 distance of 0.2L from the near stream and 0.8L
from the far stream.
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SUMMARY AND CONCLUSIONS

induced infiltration causes a gaining stream to become, at
Jeast Jocally, a losing stream. Although in this paper I have
used the term “stream to describe the surface water body,
the issues and resuits also apply to rivers, ponds, lakes, and
wetlands. There are two induced infiltration problems. Where
water rights are at issue, the problem is one of streamflow
depletion. Where water quality is the issue, the problem is
identifying the actual sources of the water, each with its own
chemical fingerprint. The streamflow depletion problem has
been studied for years; the water quality problem has not. In
this paper I have presented several simple models that address
the water quality problem for well pumping near gaining
streams. The models improve the understanding of induced
infiltration phenomena and provide a *first cut’* analysis of
alternative well field designs and pumping rates from a water
quality perspective, or assist in the delineation of wellhead
protection zones. They may also be of some help in character-
izing past pollution events involving wells, aquifers, and
streams or other surface water bodies.

For a gaining stream it takes a minimum or critical pumping
rate to induce water to leave the stream, enter the aquifer, and
make its way to the well. Pumping at rates greater than this
minimum induce infiltration and lead to a mixture of water of
different origins and quality in the well bore. The propensity for
and rate of induced infiltration increases with pumping rate,
decreasing distance between the well and the stream, and
lower ambient discharge to the stream. If the aquifer is finite in
size and there is a nearby parallel barrier boundary, induced
infiltration is enhanced. The cone of depression of the well is
reflected off the boundary, increasing the hydraulic gradient
from the strearn to the aquifer. The closer the barier boundary
to the stream and well, the greater the induced infiltration. 1f a
finite aguifer is bounded by two paralle! streams, then the
induced infiltration from either one is reduced by the presence
of the other, which presents an additional source of recharge. If
the well is sufficiently close to a stream, say, within a distance
of less than 5% of the width of the aquifer, then aquifer
geometry plays almost no role and the semi-infinite induced
infiltration model suffices.

Induced infiltration to wells located near gaining streams is
essentially independent of the source of ambient discharge 1o
the stream, whether its composed of local recharge, lateral
inflow, or some combination of the Two. Infiltration also
appears to be indifferent to the whether the aquifer trans-
missivity is assumed 1o be 2 constant o7 allowed to vary with
the saturated thickness. Both of these findings suggest that
induced infiltration is most sensitive to the stream and other
lateral boundary conditions, rather than to conditions within
the aquifer itseif. Larkin and Sharp [1992] recently examined
data for 24 alluvial stream and river systems, inciuding
aspects such as stream penetration, stream channel sinuos-
ity, and channel gradient, which controls the angle between
the channe! and the ambient flow. My assumptions regarding
these boundary condition issues were violated for a signifi-
cant number of their systems and should be further exam-
ined. For the angle between the channel and the ambient
flow, the results in Newsom and Wilson [1988) suggest that
the angle has to exceed roughly 30°-45° in order for this effect
to be significant. Perhaps the most important neglected issue is
stream penetration and the three-dimensional flow effects that
allow the capture zone to extend under the stream to sources of

1991]. With these additional sources, paial penetration woul
presumably decrease the propensity for induced infiluratias
streambed clogging layer, which would further reduce the

induced infiltration, should be included in three-dimensional ¥3 :

modeling studies. Finally, these results assume steady state
conditions. This idealized condition is seidom obtained in the
field, either for pumping or ambient flow. All of these issues _,

suggest additional analyses and field studies. o

APPENDIX

The discharge to or from the stream g is found by
differentiating the complex potential, (8) or (16}, and evalu-
ating the resulting expression for — ad/ay along the x axis, y
= 0. The differentiation is based on the condition [e.g.,
Miine-Thomson, 1968)

a0 @ ¥ ¥ a9 .

dzdax-rxax-ay lay-— g, +iqy (24)
which yields the velocity (discharge per width) field for the
model (g, = —aPfax, q, = —a®/adv). The imaginary part
of this expression is needed for the induced infiltration
calculation.

For the case of a well between a stream and barrier the
complex potential is given by (8), and its derivative is given
by

dan 0. 1 1

= -ML-¥)-ql*+ - .

oo INE = et T T T

L]
=

(25)
where a8/8z = (w/2L)3/3{ has been used. To evaluate this
expression substitute the transform { = exp (#z/2L) = exp
(rxi2L)cos (wy/2L) + i sin {#ry/2L)] and expand, using the
definitions of sinh x = [e* — e77}/2 and cosh = [ +
¢ ~*}/2. The result is

dQldz = i{~N(L = y) — gz + [2 sinh (X = X,,)
.cos (¥=Y,)+i2 cosh (X-X.)
csin (Y=Y )}~ '-[2 sinh (X-X,,) cos (Y+ )
+i2 cosh (X — X)) sin (Y + Y. (26)

where dimensionless coordinates X = mx/2L and ¥ =
mry/2L have been introduced. The subscript w represents the
well location. This expression can be resolved into real and
imaginary parts to yield the velocity field with x and y
components

diy ad Q.
dz -

9z = ~Real [—_ T ox 4L cosh (X - X.)
-[fcos (¥ ~ Y} tanh (X — X1
-[cos? (¥ — ¥.,) tanh? (X — X,,) + sin (¥~ v
- [cos (¥ + Y,,) tanh (X — X )]
-[cos? (¥ + Y.) tanh? (X — X)) + sin’ (¥ + Y.
(27a)
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[[sin (¥ - Y.)]

[cos? (¥ - ¥,,) tanh? (X — X)) + sin® (¥ ~ Y1
— [sin (¥ + Y,))[cos? (Y + ¥,) tanh® (X - X,,)

+sin2 (Y+ Y)1°N. (27h)

For the well location as defined in Figure 5, X, = 0 and ¥,
wdi2L, and along the stream Y = 0. With these
substitutions {27F) reduces to (9), yielding the flow to or
from the stream, Incidentally, the velocities in (27a) and
(275) can also be used to define capture zones for the well
[Schafer-Perini and Wilson, 1991; Wilson and Linderfelr,
1991}

For a well between two parallel streams the complex
potential is given by (16), and its derivative is

= § =

40 [-N(L-2y) &~

dz 2 L
Qup 1 i
| 2w —— 2
AE778 ! B
1-= 1-=
4 4
where d8/dz = (w{/L)a/a{ has been used. The x and y

components of the velocity field are found by substituting in
the transform { = exp (wz/L) and expanding:

ad

dx

dz

gy = —Real

exp — (2X, — 2X) —cos (2¥, — 21}
cosh (2X,, ~ 2X) - cos (27, - 2Y)

L2
4L

xp—{2X,—2X)—cos (2Y,+ 2Y)
exp = ( ) ( ] 250)

+
cosh (2X, — 2X) —cos (2Y, +21)

= Im
= mel ay 2 L

dﬂ]_ 4@ N(L-2y) &,-90,

Ow sin (2Y, ~2F)
4L |cosh (2X, ~2X)—cos (2FY, - 2Y)

. sin 2V, +2Y)
cosh (2X,, — 2X) —cos (2Y, + 21

{29b)

where the same dimensionless parameters X and Y are used.
Finally, for the well jocation in Figure 9 the flow to or from
the stream is found by setting X, = 0, ¥, = §,and Y = 0
in (295). The result is given in the text as (17).
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